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Kurzfassung
Die vorliegende Arbeit trägt zu einem besseren Verständnis spinkalorischer Trans-
portphänomene und thermoelektischer Effekte sowie der magnetischen Anisotropie
in magnetischen Schichsystemen bei. Dabei ist die Arbeit hauptsächlich durch die
kürzliche Entdeckung des Spin-Seebeck-Effektes in Japan motiviert. Darunter ver-
steht man die Erzeugung eines reinen Spinstroms durch die Grenzfläche zwischen
einem magnetischen und einem nicht-magnetischen Material, die durch einen Tem-
peraturgradienten entlang (transversaler SSE) oder senkrecht (longitudinaler SSE)
zu dieser Grenzfläche hervorgerufen wird. Da die experimentelle Konfiguration für
den TSSE einen Wärmefluss beinhaltet, ist besonders auf den Einfluss ungewoll-
ter Temperaturgradienten zu achten. Halbleitendes GaMnAs und nichtleitende
magnetische Yttrium-Eisen-Granat Schichten wurden untersucht. Als un- mag-
netisches Kontaktmaterial wurde Platin gewählt, da so die Möglichkeit besteht,
reine Spinströme mittels des Spin-Hall-Effektes (SPHE) zu detektieren.
Erste elektrische Spannungsmessungen in der Schichtebene entlang der Platin-
streifen und senkrecht zu dem in der Schichtebene verlaufenden Temperatur-
gradienten bei Anlegen eines externen Magnetfeldes entlang verschiedener Rich-
tungen in der Schichtebene (TSSE Anordnung) zeigten symmetrische und asym-
metrische Beiträge, sowohl in einem GaAs/GaMnAs/Pt-System als auch in einem
GaAs/GaMnAs-System. Im Falle des symmetrische Beitrage kann als Erkläarung
der planar Nernst-Effekt,welcher aufgrund des in der Ebene verlaufenden Temper-
aturgradienten entlang der Probe auftritt, herangezogen werden. Für den sym-
metrische Beitrag konnte jedoch gezeigt werden, dass der anomale Nernst-Effekt
(ANE), verursacht durch überlagerte, senkrecht zur Schicht- ebene verlaufende
Temperaturgradienten, verantwortlich ist. Unter Anwendung der ANE-Konstante,
die durch bewusstes Anlegen eines senkrecht zur Ebene verlaufenden Temper-
aturgradienten gemessen wurde, konnte abgeschätzt werden, dass bereits ein sehr
kleiner Temperaturabfall on ∆Tz ≈ 12 nK entlang des 200 nm dicken Schichtquer-
schnitts für das Auftreten artefaktischer ANE-Signale verantwortlich sein kann und
zur Asymmetrie der gemessenen Thermospannungen in der PNE/TSSE Anord-
nung fuühren kann. Damit kann der TSSE in GaMnAs-Systemen, falls er überhaupt
existiert, vernachlässigt werden.
Transportmessungen an der nicht-leitenden YIG-Probe in einer TSSE/PNE-Anord-
nung zeigten keine Feldabhängigkeit und untermauern damit die Folgerung, dass
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für die gemessenen Signale in der halbleitenden GaMnAs-Schicht nicht der TSSE
verantwortlich ist, sondern vielmehr der konventionelle ANE. Die gemessenen
Spannungen in einer ANE/LSSE Anordnung zeigten charakteristische LSSE-Signale.
Diese Arbeit widmet sich auch der Untersuchung der magnetischen Anisotropie in
GaMnAs Dünnschichten mit Hilfe der Weitfeld-Kerrmikroskopie und gleichzeiti-
gen galvanomagnetischen Messungen. Durch Anlegen eines Magnetfeldes wurde
die Entstehung magnetischer Domänen verfolgt: die Probe zeigt für tiefe Temper-
aturen (5 K) ein zweifaches Schalten der Magnetisierung, während bei höheren
Temperaturen (über 20K) nur ein einfaches Schalten und damit eine starke Tem-
peraturabhängigkeit der magnetischen Anisotropie beobachtet wurde. Dasselbe
Verhalten wurde durch Transportmessungen in einer PHE Anordnung beobachtet.
Durch Rotation des in der Schichtebene verlaufenden Magnetfeldes und Anal-
yse der resultierenden winkelabhängigkeit der transversalen Spannung wurden
die Anisotropiekonstanten Ku und Kc bestimmt. Die Temperaturabhängigkeit
des Ku/Kc-Verhältnises zeigt eine kontinuierliche Transformation der bei niedri-
gen Temperaturen vorherrschenden kubischen Anisotropie durch eine uniaxiale
Anisotropie bei steigender Temperatur.
Für magneto-optische Untersuchungen sowie zur detailierten Analyse der mag-
netischen Anisotropie wurde im Rahmen dieser Arbeit neue Hard- und Software
zur quantitativen Kerr-Mikroskopie entwickelt. Die zugrundeliegenden Prinizipien
hierfür wurden bereits von Rave et al. formuliert, jedoch waren Untersuchungen
aufgrund der experimentellen Umstände auf Materialien mit in der Schichtebene
liegender Magnetisierung und auf statische Domänenabbildungen einzelner Domän-
enzustände beschränkt, da die Richtung der Kerrkontrast-Empfindlichkeit manuell
justiert werden musste. Eine Trennung der Kontraste, die von in der Schichtebene
liegenden und senkrechten Magnetisierungskomponenten herrühren, beseitigt je-
doch diese Einschränkungen und verbessert die Methode enorm. Es ist somit
moöglich, beide Magnetisierungskomponenten simultan und automatisiert messen
zu können und damit die quantitative Analyse von dynamischen Umordnungs-
prozessen in magnetischen Medien zugänglich zu machen.
Diese Methode wurde erfolgreich zur Untersuchung der magnetischen Domänen-
struktur in GaMnAs-Schichten angewandt und wurde darüber hinaus an weit-
eren Materialien einschließlich eines Permalloy Elements sowie eines gesinterterten
NdFeB Polykristalls getestet. Zusammenfassend trägt die vorliegende Arbeit zu
einem tieferen Verständnis der Beiträge konventioneller thermoelektrischer Effekte
zu dem rasch wachsenden Gebiet der Spin-Kaloritronik bei. Es wurde gefunden,
dass zur korrekten Interpretation von Messdaten eine sorgfältige Beräucksichtigung
aller thermoelektrischen Phänomene erforderlich ist und die magnetische Anisotropie
und deren Temperaturabhängigkeit in jeder Studie spinkaloritronischer Phänomene
beräucksichtigt werden muss. Des weiteren wurden bestehende Methoden zur Un-
tersuchung der magnetischen Anisotropie von Dünnschichten durch Einführung
einer neuen technischen Umsetzung der quantitativen Kerr-Mikroskopie erweitert.
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It was the purpose of this thesis to contribute to a better understanding of spin
caloritronic phenomena and thermoelectric effects as well as the anisotropy of mag-
netic thin films. Mostly this work was motivated by the recent discovery of the
spin Seebeck effect (SSE) in Japan: a generation of a pure spin current across the
interface between magnetic|nonmagnetic materials upon application of the temper-
ature gradient along (transversal SSE) or across (longitudinal SSE) the interface.
As the experimental configuration for the TSSE involves the heat flows, special
care to spurious temperature gradients has to be taken. Semiconducting GaMnAs
and insulating yttrium iron garnet (YIG) magnetic thin films were investigated.
As nonmagnetic material platinum was chosen, providing also the opportunity to
detect pure spin currents via the spin Hall effect (SPHE) in it.
Starting with the measurement of in-plane voltages, transverse to the in-plane
temperature gradient and measured along the platinum stripes, by sweeping the
external magnetic field at different in-plane directions (TSSE geometry), symmet-
ric and asymmetric contributions were observed in both, the GaAs/GaMnAs/Pt
and GaAs/GaMnAs systems. The former was clearly attributed to the planar
Nernst effect, arising from an in-plane temperature gradient along the sample,
while the latter was shown to be result of the anomalous Nernst effect (ANE)
caused by spurious out-of-plane temperature gradients. Using the ANE constant
that was measured upon deliberately applying an out-of-plane temperature gradi-
ent, it was estimated that a rather small temperature drop of ∆Tz ≈ 12 nK across
the 200 nm magnetic film thickness can be responsible for the appearance of spu-
rious ANE signals, leading to the asymmetry of the thermovoltages registered in
the PNE/TSSE configuration. Thus, the TSSE if it exists at all in the GaMnAs
sample, is very likely to be negligible.
The transport measurements in the insulating YIG sample in TSSE/PNE configu-
ration demonstrated no field dependencies, supporting the idea that the signals in
the semiconducting GaMnAs film originated not from the TSSE, but rather from
the conventional ANE. The voltages in ANE/LSSE configuration the characteristic
LSSE signals were observed.
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This thesis is also devoted to the magnetic anisotropy investigation in GaMnAs
thin film by applying wide-field Kerr microscopy simultaneously to galvanomag-
netic measurements. Upon sweeping the magnetic field the development of mag-
netic domains was traced: at low temperatures (5 K) the sample exhibits a clear
two-fold switching of magnetization, while at higher temperatures (above 20 K)
only a one-step switching was detected, indicating a strong temperature depen-
dence of the magnetic anisotropy. The same behavior was derived from the trans-
port measurements in the PHE configuration. Rotating the field in the plane of the
thin film and analyzing the resulting angle dependencies of the transversal voltage,
we obtained the anisotropy constants Ku and Kc. The temperature dependence of
the Ku/Kc-ratio showed a gradual substitution of the cubic anisotropy, prevailing
at low temperatures, by a uniaxial one with rising temperature.
For the purpose of the magneto-optical investigation and in-depth analysis of the
magnetic anisotropy, within the frame of this thesis a new hardware and software
realization for quantitative Kerr microscopy was developed. The principles of such
a technique were formulated already years ago by Rave et al, but the experimental
realization was limited to materials with in-plane surface magnetization and static
domain imaging due to the manual adjustment of the microscope sensitivity. The
realization of a separation of in-plane|out-of-plane magnetic contrast, suggested in
this thesis, disposes those complications and improves the method, providing the
opportunity for a simultaneous measurement of both components of magnetiza-
tion in an automatic regime and, thus, allowing the quantitative analysis of the
magnetization reorientation processes in magnetic media.
This technique was successfully applied to the quantitative investigation of the
magnetic domain structure in GaMnAs film, and was also demonstrated on a
number of other materials, including a permalloy (Ni81Fe19) patterned film ele-
ment and the separation of the in-plane and out-of-plane components of magnetic
contrast in sintered NdFeB polycrystals.
In summary, this work contributes to a deeper understanding of the contribution of
the conventional thermoelectric effects to the exploding field of spin caloritronic.
It points out that thermoelectric phenomena have to be treated with care and
that magnetic anisotropy and its temperature dependence have to be considered
in any analysis of spin caloritronic phenomena. The thesis extends the existing
methods of investigating magnetic anisotropy of magnetic films by introducing a
novel technical realization of quantitative Kerr microscopy.
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The rapid pace of technological development causes the miniaturization of logic el-
ements and encourages the search for an alternative to charge-flow-based electronic
devices in order to increase the efficiency and to reduce Joule heating. Prominent
candidates for new-generation electronics are spin-flow-based devices, which have
attracted much attention recently. The efforts to generate and manipulate the
spin flow by temperature gradients gave rise to a new field of research called spin
caloritronics, in which the interaction of charge and spin degrees of freedom is
exploited. From that perspective, magnetic semiconductors are very intriguing
materials, as the spin-caloritronic phenomena measured on such structures are en-
hanced due to a strong spin-orbit coupling and the very recent discovery of the
spin Seebeck effect [1] increases such an interest incredibly. Despite the rapid
advancement of recent experimental [1–4] and theoretical studies [5, 6] in thermo-
electricity and magnetoelectronics, the spin-dependent transport remains poorly
understood. One of the possible routes to shed light on the underlying physics
is to perform accurate experiments in which all possible origins of ordinary and
spin-related thermoelectric effects are taken into account.
A strong spin-orbit interaction is fundamental for numerous physical phenomena
and leads to spin-dependent scattering processes in ferromagnets, i.e., anisotropy
in the electrical transport. This anisotropy reveals itself in a transverse magne-
toresistance or planar Hall effect (PHE), where a transverse electric voltage is
generated upon the application of an external magnetic field. The charge current
is substituted by a thermal gradient a transverse magnetothermopower, or pla-
nar Nernst effect (PNE) occurs and again a transverse voltage is generated. The
PNE signals depend on the mutual orientation of the in-plane magnetization and
the applied temperature gradient [7, 8], where the former is determined by the
presence of the magnetic anisotropy (uniaxial and/or cubic) and the latter on the
1
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external experimental conditions. It should be mentioned that the PNE is not ex-
clusively a feature of diluted semiconducting ferromagnets such as GaMnAs but is
also observed in Ni19Fe81 [9] and nickel thin films with in-plane thermal gradients
[10], i.e., under experimental conditions of the so-called transversal SSE (TSSE)
[1]. Thus, great care has to be applied during the analysis of the electric signals
within the framework of spin caloritronics to reveal the nature of the TSSE.
As both, ordinary thermoelectric effects and novel spin caloritronic phenomena, are
highly dependent on the magnetization vector orientation, a detailed knowledge of
the magnetic anisotropy of the sample is of high importance. The integral magnetic
vector behavior can be investigated by a number of measurement techniques. For
instance, a magnetization loop can be obtained by conventional vibrating sample
magnetometery (VSM) with different orientation of the sample and available in a
very simple configuration [11] or extended to a ”true” vector VSM setup [12, 13].
Also transport measurements based on the anisotropic magnetoresistance [14, 15]
or magneto-optic surface studies [16, 17] can be applied. However, among the
number of techniques for local (vectorial) magnetic domain observation, which can
shed light into the underlying physics of the magnetization reversal and magnetic
anisotropy (rather sophisticated methods such as scanning electron microscopy
with polarization analysis, differential phase contrast Lorentz transmission electron
microscopy or X-ray microscopy), quantitative Kerr microscopy is a powerful toll.
By quantitative vector analysis of the magnetic domain structures it provides a
reliable and simple insight into the anisotropy of the material under interest, which
renders an invaluable service for the analysis of the observed thermoelectric signals.
Already in the late 1980-s, utilizing Kerr microscopy, Rave et al [18] have realized a
technique for the quantitative investigation of magnetic domain structures, based
on merging two images of the domain structure of interest, obtained with the mi-
croscope being adjusted for each image to be sensitive to orthogonal components
of the magnetization. As it was fairly mentioned by von Hofe [19], the technique
employed by Rave is restricted to static magnetization patterns as it involves me-
chanical rotation of the analyzer, polarizer, and displacement of the aperture slit
for the sensitivity adjustment. Furthermore, it suffered from an number of other
problems: (i) the implementation was limited to materials with strictly in-plane
surface magnetization, as any out-of-plane contribution destroys the correspon-
dence between domain contrast of interest and the Kerr intensity of saturated
sample states, which are used to calibrate the Kerr contrast; (ii) the contrast cali-
bration for bulk samples may be complicated due to the stray fields caused by the
sample, which influence the image via the Faraday effect in the objective lens.
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Within the framework of this thesis, a detailed investigation of the thermoelec-
tric effects in GaMnAs|Pt and YIG|Pt heterostructures is carried out for a deeper
understanding of the physics of spin caloric phenomena, in particular the spin See-
beck effect and its relation to the conventional thermoelectric effects. A thorough
research of magnetic anisotropy of GaMnAs thin films is performed with use of the
combination of transport planar Hall effect measurements and Kerr microscopy.
A technical realization of the latter was developed within this thesis to improve
the existing methods of quantitative magneto-optical Kerr microscopy.
In addition to the introduction, the thesis is divided into 4 chapters and Ap-
pendixes.
In Chapter 2, the relevant and important theoretical background for understand-
ing of the experimental work is reviewed. The chapter starts with a brief intro-
duction into the relevant thermoelectric and galvanomagnetic effects in magnetic
materials, including thermoelectricity, the anomalous Hall and Nernst effects. Sub-
sequently, the fundamentals of the planar Hall and planar Nernst effects, based on
spin-orbit coupling are described. The concept of the spin Hall and inverse spin
Hall effects with a glance on pure spin currents is presented next. The fundamen-
tal principles of the spin-pumping effect and a phenomenological description of
the process are reviewed. Furthermore, the concept of the reverse effect, the spin-
transfer torque, is described. With this theoretical background of the dynamics
in magnetic systems the processes at the interface of ferromagnetic|non-magnetic
materials are further discussed. The concept of spin caloritronics is introduced
and relevant thermoerlectric and galvanomagentic effects are then summarized.
Afterwards, the spin Seebeck effect is discussed in detail: the experimental obser-
vation and theoretical models, presented in literature. At last, the basic principles
of Kerr microscopy, which are relevant for the optical investigation of the surface
magnetization of the magnetic heterostructures, are introduced. Finally, the dis-
cussion of Kerr microscopy is extended to quantitative Kerr microscopy, the theory
behind and technical realizations.
Chapter 3 is devoted to the experimental methods and the setups used within
the framework of this work. In the first part of this chapter, the sample prepara-
tion and the physical properties of the used magnetic thin films of GaMnAs and
yttrium iron garnet and their fabrication methods are presented. Further, the
description of the measurement techniques is reviewed. It starts with vibrating
sample magnetometery, used for the basic characterization of the samples magnetic
properties. Subsequently, the transport measurements and different measurement
configurations are introduced. The principle of thermal conductivity measure-
ment is briefly summarized further. The last part of Chapter 3 discloses the
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experimental setup for the magneto-optical investigation of the magnetic domain
structure in the samples.
In Chapter 4 the experimental results obtained in this thesis are presented. The
first part of this chapter is devoted to the basic characterization of the magnetic
and thermal conductivity properties of the GaMnAs heterostructures, obtained by
vibrating sample magnetometery and steady sate thermal conductivity measure-
ments. The behavior of the magnetization curve at constant temperatures and
the M vs T dependence are discussed. The continuation of this chapter is focused
on the experiments on the transversal spin Seebeck effect (TSSE) in GaMnAs
in two different configurations (with respect to the heater position and the heat
flow distribution) in different magnetic field ranges. Then the focus is shifted to
the role of the conventional effects in the TSSE, experimental results of Nernst
effect measurements and their explanation are introduced. The second part of
this chapter is dedicated to the study of the magnetic anisotropy of GaMnAs
heterostructures and involves the experimental results of planar Hall measure-
ments and their explanation in terms of the temperature-dependent superposi-
tion between cubic and uniaxial anisotropies. The further presented experimental
magneto-optical observation of the magnetic domain structure in the GaMnAs
film, utilizing Kerr microscopy also sheds light on the magnetic anisotropy of the
sample. The conventional magneto-optical experiments are then followed by quan-
titative Kerr microscopy, providing the opportunity for the exact determination of
the magnetization direction in the film. The last part addresses the results of the
transport measurements, performed in YIG|Pt systems in TSSE/planar Nernst
and Nernst configuration.
In Chapter 5, the experimental results obtained within the scope of this thesis
are summarized and conclusions are drawn.
In Appendix A, a novel technical solution for vectorial Kerr microscopy, used
for the investigation of the magnetic domain structure in the foregoing chapter,
is presented. The hardware realization of a new LED source, the light of which
is guided into the microscope via glass fibers, is reviewed together with a de-
scription of the control software and measurement principles of the separation of
pure in-plane and pure out-of-plane magnetic contrast components. The devel-
oped technique was demonstrated on sintered NdFeB polycrystals. Furthermore,
a hardware suppression of parasitic Faraday effect, arising in the objective lens,
is introduced. Besides, the appendix addresses the sensitivity limit and compares
the novel technology with the already existing conventional Kerr microscopy.
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Appendix B extends the theoretical basics of quantitative Kerr microscopy based
on the theory, presented in Chapter 2 and introduces the specific realization based
on the technology presented in Appendix A. Subsequently, the application of
the developed technique to the quantitative analysis of the magnetic domains in
permalloy (Ni81Fe19) patterned film elements is reviewed.
Chapter 2
Theoretical background
In this chapter the concepts of the relevant thermoelectric effects including the
Seebeck-, spin Seebeck- (SSE), spin Hall-, Nernst- and anomalous Nernst-, planar
Hall- and planar Nernst effects will be introduced. The theoretical basics and
experimental configurations for the investigation of those effects and their role in
the expanding field of spin caloritronic will be presented. An extensive overview of
the recent research activities on the spin-flow-driven phenomena in ferromagnetic
materials and interfaces, including those according to which the existence of the
SSE is still under debate, will be given. In this this chapter is also included a
section on the magnetic anisotropy of GaMnAs thin films and means for its char-
acterization. The theoretical background on vectorial wide-field Kerr microscopy
and corresponding actual problems will be also provided in this section.
2.1 Thermoelectricity
Almost two centuries ago the history of thermoelectricity has began with the ex-
periments of Thomas Seebeck, who for the first time systematically explored the
combied effects of electricity and thermal phenomena. In 1821, Seebeck investi-
gated the effect of thermal gradients in a circuit of copper- and bismuth wires.
He detected that a compass needle, placed nearby, was deflected when one of the
junctions between the two metals was heated and the other one was cooled [20].
Originally, he attributed the deflection to a magnetic response. Later, however, it
was shown to be due to the generation of a steady state charge current, generated
by the temperature gradient in the closed circuit, with a corresponding Oersted
6
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Figure 2.1: Visualization of the Seebeck effect in metal or semiconductor:
generation of a voltage along the sample bar subjected to a temperature gradient
∇T .
field that influenced the compass needle. Although the Seebeck effect was discov-
ered by measuring the voltage across the junction of two wires made from different
material, the effect would also appear in homogeneous material.
Being an intrinsic property of the material, the Seebeck effect or thermopower (an
electric response of the material to an applied temperature gradient) can be de-
scribed by the thermopower coefficients. This fact is phenomenologically expressed













where ~J is the electrical current density, ~̇Q is the heat current density, σ is the
electrical conductivity, k is the thermal conductivity and Π is the Peltier coefficient.
When we apply a temperature gradient ∇T along the x̂ direction, then the charge
carriers in the sample diffuse down the gradient and accumulate at the boundaries.
This generates an electric field Ex = ∇V that, in its turn, generates a drift of
charge carriers that balances the current driven by ∇Tx. Therefore the total
current density ~J is zero and σ∇Vx − σS∇Tx = 0, what gives S = ∇Vx/∇Tx.
This coefficient, which quantities the voltage developed per change in temperature,
is known as the Seebeck coefficient or thermopower. In Fig. 2.1 a sketch of the
Seebeck effect is shown. According to the thermodynamical Onsager reciprocity
relation a complimentary effect should exist. This effect was discovered some years
after the Seebeeck effect and is called Peltier effect [22].
In general, the measurement of the absolute Seebeck coefficient is difficult, as the
temperature gradient also induces a thermoelectric voltage across the sample/-
electrode interface and the measured coefficient will be a contribution of both, the
Chapter 2 Theoretical background 8
Figure 2.2: Visualization of the (a) anomalous Hall effect and the (b) anoma-
lous Nernst effect. In the anomalous Hall effect a voltage is generated in the
direction transversal to a charge current (Ix). In the anomalous Nernst effect
a voltage is generated in the direction transversal to a temperature gradient
(∇Tx).
Seebeck coefficient SA of the material of interest and the material of the measure-
ment electrodes SB i.e. SAB = SA − SB.
2.2 The anomalous Hall and Nernst effects
The appearance of a voltage transverse to a charge current in conductors subjected
to a perpendicular external magnetic field was discovered in 1879 by Edwin Hall
and was shown to originate from the Lorentz force acting on the moving electrons
[23]. The generated voltage is proportional to the applied field and is called Hall
voltage, and the effect itself is called Hall effect. In magnetic metals the transverse
voltage was found not to be linearly proportional to the applied magnetic field,
rather there exists an additional contribution known as the anomalous Hall effect
(AHE) [24]. A schematic illustration of this effects is shown in Fig. 2.2 (a). Exper-
imentally, this contribution to the Hall resistivity ρx,y (the ratio of the Hall voltage
Vy to the applied charge current jx) in ferromagnets on application of a magnetic
field Hz initially increases rather abruptly in small fields and then remains at a
saturation level at large values of Hz, revealing the following behavior:
ρx,y = R0Hz +RsMz, (2.2)
where R0 and Rs are the ordinary- and anomalous Hall constants, respectively.
Generally, depending on their spin polarization, the moving electrons attain differ-
ent transverse velocities. As in ferromagnets most of the spins are polarized in the
same direction, determined by the magnetization, the spin-dependent transverse
velocity leads to the additional (AHE) voltage.
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Analogous to the Hall effect, if we apply a thermal gradient ∇Tx rather then a
charge current, the electrons in a conductor or semiconductor are also transversally
driven in the presence of a perpendicular magnetic field Hz, a transverse electric
field Ey is generated, and the effect is known as the Nernst effect. Just like the
AHE, this effect also exists under the influence of the magnetization of the material
and is called anomalous Nernst effect (ANE). The expression for the ANE is as
follows:
~EANE = −αANE ~∇T × ~m, (2.3)
where αANE is a material-dependent proportionality constant. A schematic illus-
tration of the ANE is shown in Fig. 2.2 (b).
2.3 Planar Hall and planar Nernst effects
In general, if a magnetic material with a charge current density ~j is subjected
to a magnetic field, then an electric field ~E, proportional to ~j by means of the
resistivity tensor ρ is established [25]:




This dependency may also be written as
~E = ρ⊥(B)~j + ρ‖(B)(~m~j)~m+ ρH(B)~m~j, (2.5)
where ~m is the normalized magnetization, ρ‖ and ρ⊥ are the resistivities in the
two mutual orientations of current and magnetization (parallel and perpendic-
ular to each other, respectively) and ρH is the Hall resistivity. While the last
term stands for the ordinary Hall effect, the first and the second terms represent
the anisotropic magnetoresistance (AMR) and the planar Hall effect (PHE) [26].
Schematic illustrations of these two complimentary effects are shown in Fig. 2.3.
In contrast to the standard Hall effect, where the magnetic field is applied per-
pendicular to the film plane, in the geometry of the PHE, both vectors of the
current and magnetic field lie in the film plane. As it follows from Eq. (2.5), in
the simple situation of a sample with a single in-plane magnetized domain, the
charge current with density j along the x direction, and ~M forming an angle ϕM
with the x direction, the generated electric field is given by [27]:
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Figure 2.3: Visualization of the planar Hall effect and anisotropic magnetore-
sistance (AMR) (a) and the planar Nernst effect (b) in ferromagnetic material.
In the planar Hall effect a voltage V is generated in the direction transversal to
a charge current (Ix). Amplitude and sign of the voltage depend on the angel
φ between applied in plane magnetic field and charge current Ix. In the planar
Nerst effect instead of an applied charge current a temperature gradient ∇Tx is
responsible for the transverse voltage.









sinϕM cosϕM . (2.7)
The longitudinal component of this electric field is the AMR effect contribution,
whereas Ey is the manifestation of the PHE. As the PHE and AMR effect have the
same physical origin, the PHE can be considered as transversal AMR. As for the
spin Hall effect [discussed in Sec. 2.4], for the AMR and PHE the spin orbit cou-
pling is responsible. The electron cloud of localized 3d-electrons (the unquenched
part of the orbital angular moment) is slightly deformed when the direction of
the magnetization rotates, and such deformation changes the scattering rate of
the undergoing free s-electrons as they are traversing the crystal lattice. Briefly,
the magnetization rotates the closed orbit orientation with respect to the current
direction. When field and magnetization are transverse to the current, the or-
bits are in the plane of the current and scattering of the incident electrons is less
probable due to the small cross-section for the scattering. Oppositely, for fields
applied along the current, the orbits are oriented perpendicular to the current
and the scattering is increased. Together with the fact that the magnetic media
is spin-polarized, this effect gives rise to a charge separation of the charge in the
direction transversal to the initial charge current.
In this thesis the PHE is utilized for the investigation of the magnetic anisotropy
of the structures as explained in Sec. 2.8.
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Figure 2.4: Visualization of (a) the Spin Hall effect and (b) the inverse spin
Hall effect in the paramagnetic metal. In the spin Hall effect a spin polarized
current (Is) is generated in the direction transversal to the charge current (Ic).
Vice-versa charge current (Ic) is generated due to a spin current (Is) for the
inverse spin Hall effect.
2.4 Spin Hall and inverse spin Hall effects
As it was already mentioned in Sec. 2.2, depending on the spin orientation, mov-
ing electrons experience different transverse velocities, and the fact that most of
the spins in ferromagnets are polarized in the same direction, determined by the
magnetization, leads to a spin-dependent transverse velocity and, thus, to an ad-
ditional (AHE) voltage. In normal metals a similar spin-dependent transverse
velocity also takes place [28, 29], but due to the absence of a pronounced spin
polarization of electrons, it does not result in a noticeable voltage. Nevertheless,
this mechanism leads to the separation of spins with opposite polarization (spin-up
and spin-down), resulting in an accumulation of the corresponding spins on the
opposite transverse edges of the sample. This effect, called the Spin Hall effect,
was firstly predicted by D’yakonov and Perl in 1971 [29] and developed theoret-
ically later by Hirsch [28] and Zhang [30]. Besides the direct SHE, due to the
Onsager reciprocal relation the inverse process, i.e. the generation of a transverse
charge current by the injection of a pure spin current, is possible. This effect is
referred as the inverse spin Hall effect (ISHE) [31]. Schematic illustrations of these
two complimentary effects are shown in Fig. 2.4. It should be mentioned that the
inverse spin Hall and Nernst effects (Fig. 2.2) share the same geometry, which is
an important issue for the interpretation of the spin Seebeck effect, addressed in
the following.
The SHE can be represented as the sum of an intrinsic and extrinsic effect. The
former can be understood as an intrinsic quantum-mechanical property of perfect
crystals [24], for which the transverse spin-dependent velocities originate from an
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interband coherence induced by the external field. The extrinsic SHE can be con-
sidered as a result of an asymmetric scattering on defects and impurities: the skew-
scattering [32, 33] and side-jump scattering [34] mechanisms. The SHE and the
ISHE have been observed in both semiconductors and metals. For semiconductors
the intrinsic mechanism dominates, whereas for metals the intrinsic mechanism
can be neglected, and the dominating mechanism for the SHE is extrinsic. This
mechanism involves, as mentioned, skew scattering and side-jump scattering. The
former is explained by the assumption that due to the spin-orbit interaction an
effective magnetic field gradient is created within the scattering plane. This field
gradient acts as a net force towards or away from the scattering center, depending
on the spin polarization of the scattered electron [24]. The side-jump scattering
is caused by different acceleration and retardation during scattering process for
opposite spin polarizations. That results in a net displacement of spins in the
transverse direction after multiple scattering processes. In this thesis, the ISHE
in Pt is utilized to detect spin currents across a GaMnAs|Pt interface, so that the
extrinsic spin Hall effect is predominant.
The conversion of the charge current Ic to the pure spin current Is and vise versa













(~Is × ~σ), (2.9)
where I0s , I
0
c are the initial current densities, σ is the tensor of the spin polarization
and θ is known as the spin Hall angle. Equation (2.9) is only valid when the spin
diffusion length is larger than the thickness of the metal layer, so that spin backflow
can be neglected. The spin Hall angle, being a material parameter describes the
efficiency of the conversion process. The highest known value of θ was found for
Platinum [36, 37].
2.5 Spin transfer torque and spin pumping
Most of the phenomena in the field of spintronics can roughly be divided into the
following categories: (i) independent-electron spin-based phenomena, (ii) collective
excitation-based phenomena (spin waves) and (iii) relativistic effects [38]. While in
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metallic systems all of these types can exist simultaneously, in magnetic insulators
only spin-wave based phenomena can exist due the lack of conduction electrons.
Effects like the SHE and ISHE are based on the spins of independent electrons,
whereas in the spin pumping process a spin current is generated by spin waves. As
those effects and phenomena are relevant for the main subject of this work, a brief
introduction to the spin transfer torque and spin pumping will be given in this
section. In the phenomenon known as spin transfer torque (STT), a flow of spin-
polarized electrons excites a magnetization precess, i.e. converts a spin-polarized
current into a spin-wave current [39, 40].
In 1996, Slonczewski [41] and Berger [42] independently predicted that if a charge
current flows perpendicular to the plane of a metallic ferromagnet | normal-metal
| ferromagnet stack it can generate a spin transfer torque, strong enough to switch
the magnetization in one of the ferromagnetic layers. Passing one magnetic layer,
the charge current becomes spin polarized, and inside the normal metal it remains
so. Thus, afterwards, interacting with the magnetization of the next magnetic
layer via the exchange interaction it induces a torque, known as spin transfer
torque. [43]










where Ms is the saturation magnetization of the second ferromagnetic layer of
volume V , and ~m is the unit vector of magnetization direction. The Slonczewski
torque can either enhance or reduce the damping of the magnetization precession,
depending on the direction of the spin current ~Is, which is determined by the
geometry and materials of the device.
Spin transfer torque can be utilized not only for the magnetization reversal in
uniformly magnetized layered structures, but it has also a valuable application
role for domain wall motion in magnetic structures. This was proposed theoreti-
cally [42, 44] and later demonstrated experimentally[45–47]. These results make
it possible to develop new storage devices based on current-induced domain wall
motion.
In order to develop spintronic devices, acute requirements are to create a system
in which currents of spin-polarized electrons can be created, as well as systems,
which can be utilized for the sensing of the spin polarization. In the 2000s, in the
magnetics community one of the strongest motivation was to perform spin-current
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induced magnetization switching in ferromagnet|normal metal layered structures.
During these investigations it was found that for the particular Cu-Co and Pt-
Co layered structures the Gilbert damping parameter can be much lager than in
the bulk [48, 49]. Such an enhancement of the Gilbert damping parameter was
described by Tserkovnyak et al. [50] as a flow of spin current from the ferromagnet
to the adjacent normal metal. This process is the inverse process of the spin-
current induced switching of the magnetization: the magnetization precession acts
as a pump, injecting angular momentum into the adjusted normal metal and, thus,
by emitting of the spin current it loses torque.
Within the adiabatic approximation, the electrons in the metal are always in
equilibrium with the precession of the magnetization at the ferromagnet|normal
metal interface and, according to Tserkovnyak et al., the injection of a spin current
can be explained by scattering at the time-dependent spin potential (spin-system
parameter derived in Ref. [51]) at the interface. :In case, when the thickness of the
ferromagnet is greater than its ferromagnetic coherence length, the spin mixing
conductance g↑↓ [50, 52] determines the spin current injected into the normal metal,










As the spin current is emitted, the magnetization precession is damped and this
additional damping can be taken into account in a way analogous to the Gilbert
damping parameter in the Landau-Lifshitz-Gilbert equation. Thus, the spin mix-
ing conductance can be determined experimentally by measuring the additional
line broadening in ferromagnetic resonance experiments. For thick metals (thicker





where t is the thickness of the metal layer, γ = gµB/ ~ is the gyromagnetic ratio,
g is the Lande g-factor and µB is the Bohr magneton.
The spin pumping is possible due to the time-retarded response of the exchange
coupling between the layers [53], while the instantaneous response of the electrons
in the normal metal to the interfacial FM |NM exchange coupling explains the
static inter-layer exchange coupling, which leads to Ruderman−Kittel−Kasuya−
Y osida (RKKY) oscillations in the normal metal in agreement with the standard
spin pumping theory [50].
Chapter 2 Theoretical background 15
The spin pumping is of great importance for the understanding of the origin of the
spin Seebeck effect, being the fundamental mechanism involved for the generation
of pure spin currents that are injected into the normal metal from the ferromagnet.
2.6 Spin caloritronics
While classical thermoelectrics couples charge and heat, spintronics introduces the
spin degree of freedom into the concept of electrical conduction. Both concepts
were introduced nearly a century ago, and it would not have been a surprise if
the coupling between spin, charge and heat would have been considered very early
[54]. One may even ague that spin caloritronics should be dated back to the
beginning of the XX century, when Seebeck himself (falsely, as it was shown later)
related the results of his experiments with a thermocouple to the combination of
the temperature gradient and magnetism [20]. Nevertheless, until recently the
field was not widely explored experimentally. The new interest arose with a series
of experiments performed by Gravier et al. [55, 56] in which the thermoelectric
power in multilayer-GMR pillars was determined. The interpretation was only
qualitative due to the large number of physical effects that can take place in
such experiments. Two years later, Uchida et al. reported an experiment which
supposed to couple thermoelectricity and spin-based electronics directly, revealing
an effect known as the transversal spin Seebeck effect [57]. A thin magnetic film
of Ni81Fe19 (Permalloy) on a sapphire substrate was subjected to a temperature
gradient ~∇Tx, as shown in Fig. 2.5 a. Platinum stripes were deposited on top of
the extended Py film in the direction transverse to the temperature gradient. In
this case pure spin currents are supposed to be injected into the Pt stripes, with
their spin polarization depending on the orientation of the magnetization in the
Py film.
As it was already mentioned in Sec. 2.5, the phenomena in spin caloritronics can
be divided into three classes: (i) effects of independent electrons; (ii) collective
spin and (iii) relativistic effects. The first class includes the thermoelectric gener-
alization of spintronic phenomena like the spin-dependent Seebeck effect, existing
due to the difference in the Seebeck coefficients for electrons with oppositely ori-
ented spins. The second class envelops the effects of collective dynamics known as
magnon-spintronics. The spin pumping and the spin transfer torque phenomena
couple the spin of electrons with thermally excited spin waves, introducing the spin
Seebeck-, the spin Peltier effects etc.. The relativistic effects in spin caloritronic
are represented by the thermal Hall effect[38], being the twin brother of the spin
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Hall in spintronics. The main focus will be on the spin Seebeck effect which has
been investigated in the framework of this thesis. In Table 2.1, a classification of
different Hall and Nernst effects is provided. The spin Nernst effect is reported in
the literature [58, 59], but not relevant for this work.
Table 2.1: A classification of the Hall and Nernst effects














2.7 Spin Seebeck effect
If a ferrimagnet|normal-metal bilayer system is subjected to a temperature gra-
dient, the injection of a spin current at the interface between the ferromagnetic
material and normal metal may occur. Analogous to the conventional Seebeck
effect, this phenomenon is called spin Seebeck effect (SSE). The spin current in-
jected into the normal metal is detected by means of the inverse spin Hall effect
(discussed in Sec. 2.4), being converted into an electric voltage. The observation
of this effect was reported in metallic systems of Py [57, 60–62], thereafter in mag-
netic semiconductors (GaMnAs [1, 63]), magnetic insulators (YIG [3, 62, 64–66],
garnets and ferrites [67–71]), and Heusler alloys [72]. However, it is important to
mention that the physics of the SSE is entirely different from the spin-dependent
Seebeck effect observed in metals. For the spin-dependent Seebeck effect, each of
the two spin channels has a different spin Seebeck coefficient, while the contribu-
tion of conduction electrons to the SSE is negligible [38, 73]. This fact is obvious
since the observation of the SSE has been reported also for insulators [3, 62, 64–66].
2.7.1 Experimental observation of the spin Seebeck effect
Depending on the mutual orientation of film plane, temperature gradient and spin
current, the spin Seebeck effect has been studied in two geometrical configurations:
i) transversal spin Seebeck effect (TSSE) when the spin current (Is) is perpendic-
ular to the temperature gradient (∇Tx) and (ii) longitudinal spin Seebeck effect
(LSSE) when the spin current points in the same direction as the temperature
gradient. Schematic illustrations of these two complimentary effects are shown in
Fig. 2.5.
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Figure 2.5: Schematic illustration of (a) the transverse and (b) the longitu-
dinal spin Seebeck effect. In the transverse configuration, the spin current (Is)
is perpendicular to the temperature gradient (∇Tx), applied along the mag-
netic film, while in the longitudinal configuration, the spin current points in the
same direction as the temperature gradient, both being perpendicular to the
film plane.
In the transverse configuration (Fig. 2.5 a) the temperature gradient∇Tx is applied
in the plane of the magnetic thin film, on top of which the stripes of a non-
magnetic metal are deposited, transversally to the temperature gradient. A pure
spin current is supposed to be generated at the interface between the magnetic
film and the normal metal in the direction perpendicular to the film plane. The
polarization of the spin current is determined by the magnetization direction of
the magnetic film, which can be manipulated by the application of an external
magnetic field. In order to measure the spin current via the ISHE in the normal
metal, the polarization of the spin current has to be in-plane along the direction of
the temperature gradient, so the applied magnetic field is also in-plane. Since in
this configuration the pure spin current flows transversely to the applied thermal
gradient, the effect is called transverse SSE.
In the longitudinal SSE configuration (Fig. 2.5 b), the applied thermal gradient
and the spin injection are both along the same direction perpendicular to the film
plane. For the same reason as for the TSSE, the detection of the spin current is
possible only when the magnetization in the magnetic film is in the film plane (it
can be manipulated to be in-plane by the external magnetic field). It is important
to mention that the SSE measurement in the longitudinal configuration can only be
applied to insulating material, because in metallic systems a parasitic contribution
due to the anomalous Nernst effect may appear.
For the first time, the TSSE was reported by Uchida et al. in 2008 for the ferro-
magnetic metal Ni81Fe19 (Permalloy) [57]. In those experiments [see schematics
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Figure 2.6: (a) Illustration of the calculated distributions of the electrochem-
ical potentials µ↑ and µ↓ for spin-up and, respectively, spin-down electrons in
a metallic magnet. (b,c) The field dependencies of the TSSE voltages V mea-
sured between the ends of the Pt wire in the Py|Pt sample for various values of
(∇Tx), when the Pt wire is attached to the lower-temperature (b) and higher-
temperature (c) ends of the Ni81Fe19 layer. (d) Field dependence of V between
the sides of a plain Py film, in the direction perpendicular to that of the tem-
perature gradient. The measurement was performed at the lower-temperature
end of the film. Scale bars in b, c and d, 10 µV . Reproduced from [57]
in Fig. 2.5 a or Fig. 2.6] a thin film of Permalloy (Py), deposited on a sapphire
substrate, was placed between two copper blocks of different temperatures (up to
21 K in difference). Then an external magnetic in the direction of the applied
temperature gradient was swept and the voltage, generated along the Pt stripes
was measured. This voltage was supposed to be a result of the ISHE after a pure
spin current has been injected into the Pt stripes. The voltages measured during
the sweeps are shown in Fig. 2.6.
As the magnetization in the ferromagnet determines the spin polarization of the
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spin current, the field sweep in the direction of the temperature gradient inverts the
spins. Due to ferromagnetic hysteresis, this results in a hysteretic behavior of the
voltage, detected via the ISHE (Fig. 2.6 e,f). For a field sweep along the Pt stripe,
on the other hand, no voltage should be observed due to geometrical restrictions
1. The amplitude of the voltage drop is proportional to the temperature difference
and the position of the Pt stripe, being zero in the middle of the sample and
increasing towards the ends. Furthermore, a cos(ϕ) symmetry can be observed
using an in-plane magnetic field rotation that causes an angle ϕ between the
magnetization and the x-direction.
The surprising feature of the TSSE is that the spins in the Pt somehow ”feel” if the
hot or cold side of the sample is below the Pt stripe and if the positive and negative
saturation states along the hysteresis loops have reversed signs as seen in Fig. 2.6
b,c. The authors explain such a behavior as follows: across the interface between
Py and Pt, as a result of the in-plane temperature gradient ∇Tx, a spin ”voltage”
V sz occurs. This spin voltage is defined as a spin-current potential, which is
represented by µ↑− µ↓, where µ↑ and µ↓ denote the electrochemical potentials for
spin-up and spin-down electrons, respectively [74]. According to the authors the
temperature gradient ∇Tx creates gradients in the electrochemical potentials with
an opposite sign for the spin-up and spin-down electrons in the Py [see Fig. 2.6
a], thus initiating below the Pt stripes a local spin voltage µ↑ − µ↓, which in turn
becomes the reason for the spin current injection into the Pt stripes.
The pioneering experiments by Uchida were followed by investigations of Jaworski
et al., who claimed the existence of the TSSE in a semiconducting film of GaMnAs
[1]. In those experiments the authors used a thin GaMnAs film with a thickness
of 30 nm and Mn- concentrations of 15.8 and 5.6 %, grown on a semi-insulating
substrate of GaAs. As detector for the spin current, Pt stripes on top of the film
were used (Fig. 2.7). The temperature gradient ∇Tx was created along the longer
side of the sample, which was also the axis for the sweeps of the external magnetic
field. In Fig. 2.7 e the hysteresis loops of the measured voltage along the Pt stripes
are plotted for the case when the magnetically [110] easy axes of GaMnAs is along
the x-direction, and in Fig. 2.7 f, when there is the [100] hard axis along the x-
direction. With exception of the shape of the curves, which is determined by the
magnetization behavior, the hysteresis loops demonstrate a sign reversal for the
cold and hot sides of the sample bar, which was already found for the Py films and
became a characteristic feature of the TSSE. Even the introduction of a scratch
in the magnetic media in the middle of the sample has not influenced the signals!
1As the voltage is measured in the direction of the electric field ~E ∝ ~Is × ~σ, generated via
the ISSE
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Figure 2.7: (a) Measurement geometry (not to scale) of the TSSE experiments
on GaMnAs. (b) Crystal directions in GaMnAs. (c,d) Magnetization M , as a
function of the applied magnetic field B, oriented along the easy [110]- , [100]-
and hard [100]- axes. Inset: hysteresis loop along the [110] direction on a larger
scale. (e,f) Transverse voltage as a function of B, along the easy [110]- and
hard [110] axes.
Such an extremely intriguing opportunity to utilize the spin degree of freedom,
shown by Uchida et al. in a NiFe|Pt metallic bilayer system, was at the same time
accompanied by a number of doubts. First of all, an explanation of the effect that
exploited the difference in electrochemical potentials µ↑ − µ↓, has already been
discarded because the signal was observed at distances much larger than the spin
diffusion length of the FM [9, 75]. Furthermore, a number of parasitic effects (the
ANE, PNE and etc.) may easily arise in conductive Py films. For instance, one
has to avoid perpendicular temperature gradients to prevent contributions from
the ANE.
In 2011, Huang et al. [76] performed measurements on Py films deposited on
bulk silicon substrates. The results suggest that, depending on the heater position
(glued to the top or bottom side of the sample) one may get different voltage signs
for the hot and cold ends of the sample as for the TSSE. This means that the
transverse voltage, which is generated by the out-of-plane temperature gradient
due to the anomalous Nernst effect (ANE) in the bulk substrate, should overpower
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the voltages of the TSSE due to the lateral gradients in the ferromagnetic thin
film by orders of magnitude.
The importance of the substrate for the SSE was shown by Jaworski et al. [63].
The authors report the observation of the TSSE in GaMnAs over an extended
temperature range alongside the thermal conductivity. The key result is that
the amplitude of the SSE scales with the thermal conductivity of the GaAs sub-
strate and the phonon-drag contribution to the thermoelectric power of GaMnAs,
demonstrating that phonons drive the spin redistribution.
In an attempt to understand the role of the substrate for the SSE measurements
in different systems, Avery et al. [10] have proposed a technique to probe the SSE
and PNE in the ”zero substrate” limit. They have shown that the magnetic field
dependence of the measured voltage signals can be entirely explained by the PNE,
though the linear dependence of the measured transverse voltages Vy on ∇Tx and
the spatial dependence are similar to the SSE measurements on films supported by
bulk substrates. Those investigation of the PNE and ANE were further developed
in Ref. [2], where magnetic-field-dependent measurements of the thermopower and
PNE coefficients in NiFe films were preformed.
Later on, Schmid et al. [9] have made an attempt to reproduce the results in
Py|Pt films deposited on bulk MgO and GaAs substrates as well as on 100 nm
SiN membranes. It was concluded that in the measured structures the dominant
contribution to the transverse voltage signal obtained in the TSSE geometry re-
sults from the anisotropic magnetothermopower. In addition, the authors report
on a notable contribution from the ANE originating from spurious out-of-plane
temperature gradients and, finally, claim that the contribution of the TSSE can
be neglected within their detection limits.
The role of the experimental handling was also critically discussed by Meier et
al. [75]. They have investigated the influence of Au tips to pick up the voltage
signals, which was also used in the original setup by Uchida [57]. It was shown
that a sign change between the hot and cold sides of the Py film can appear due to
the ANE, which can be misinterpreted as the TSSE. According to the authors, no
sign of the TSSE within the given accuracy of the measurement was found due to
a probable insufficiency of spin-mixing conductance at the interface between the
Py|Pt layers, which is important for the spin current to enter the Pt film.
The prevalence of ANE and PNE contributions in the transverse voltages measured
in TSSE configuration was also demonstrated for the Heusler compound Co2MnSi
as well as in Py films on thick MgO substrates by Bosu et al. [72]. As in the
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previously mentioned reports it was almost impossible to extract a clear SSE
signal due to the strong pollution of the signals by the ANE, which was caused
by thermal artifacts that were generated by the thermal conductivity mismatch
between the substrate and the film. Those results again signify the importance to
consider the thermal properties of both, substrate and magnetic films.
The main argument for the existence of the TSSE in insulating or semiconducting
materials is the absence or negligible contributions from the Nernst or anomalous
Nernst effects as in the those systems their coefficients should be small, being
dependent on the conductivity of the material [21]. As the great importance of
the interface between magnetic material and nonmagnetic metal film was already
shown, one should with great care consider the contributions from any effects,
which may arise in the normal metal film itself. Recently a number of experimental
studies have shown that the interface proximity effect in the ferromagnetic|normal
metal system could exhibit a similar behavior as observed for the TSSE and LSSE.
[77–79]. The phenomena of induced magnetic moments in a nonmagnetic thin film,
deposited on magnetic substances and in thin layers, was already known before
[80–83].
In a report from Huang et al. [77] it was claimed that both, electric and thermal
magnetotransport characteristics of Pt films, deposited on a bulky ferrimagnetic
insulator yttrium iron garnet (YIG), conclusively show sharp transport magnetic
proximity effects. According to the authors, the observed SSE signals in ferri-
magnetic material|Pt systems and the pure spin currents in Pt may be strongly
contaminated by ANE and AHE contributions, and they suggest to either quanti-
tatively separate the contributions of those effects in Pt or to identify other metals
for which unequivocally a pure spin current can be detected.
In addition to the transport measurement methods, also other techniques were
applied to demonstrate the existence of a proximity effect in thin Pt layers on top
of a magnetic material. Lu et al. [78] used a X-Ray Magnetic Circular Dichro-
ism (XMCD) technique and observed well-defined XMCD peaks at the absorption
edges of Pt and an inversion of the dichroic signal at opposite magnetic fields,
both at low and room temperatures. These findings demonstrate a magnetic po-
larization in Pt thin films grown on ferrimagnetic YIG.
In an attempt to find materials for the detection of pure spin current, Qu et al.
[66] have modeled the structure of thin Pt and Au films on top of a YIG film.
They have shown that a non-zero magnetic polarization of the close-to-interface
atomic layers does exist for the case of Pt, while in case of a Au film no such
proximity effect could be predicted. Thus, the thermal voltages in the Au|YIG
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system observed experimentally should in fact primarily be due to the intrinsic
SSE. And although the spin Hall angle of Au is smaller than that of Pt, Au could
be a far better spin current detector than Pt.
On the other hand there are a number of reports trying to demonstrate the exis-
tence of an intrinsic SSE at FMM|NM interfaces in the absence of the proximity
effect. In work by Geprägs et al. [84] the XMCD signals of different Pt films
deposited onto magnetic insulator YIG and metal (Fe) were measured. The au-
thors claims that a large magnetic dichroism was detected at the Pt L3 edge in
the Pt|Fe (NM/FMM) bilayer demonstrating the presence of induced magnetic
moments in Pt, whereas the obtained data show no evidence of an induced mag-
netic polarization in Pt/YIG (NM/FMI) bilayers with a Pt thickness greater than
7 nm.
A report from Nakayama et al. [85] on the existence of the new effect of spin Hall
magnetoresistance (SMR) at Pt|YIG interfaces also gives evidence of a probably
non-statically induced magnetization in the Pt thin film due to the proximity
effect. Very recent measurements by Kikkawa et al. [65], on the other hand, claim
that there is no proximity effect at all. The authors report the observation of
the LSSE in Au|YIG and Pt|Cu|YIG structures, and as Au and Cu are far from
the Stoner ferromagnetic instability the observed signals confirm the existence
of the LSSE free from the ANE that would be induced by magnetic proximity.
Also for the conventional Pt/YIG structure they claim that the LSSE provides a
dominant contribution and that the ANE contamination is negligibly small. In
another report by Kikkawa et al. [86] an attempt to separate the contributions
from the SSE and other parasitic effects (normal and anomalous Nernst) was
made. Investigating the LSSE in Pt|YIG, Pt|GGG, Au|YIG, Au|GGG, Py|YIG,
and Py|GGG structures in in-plane magnetized and perpendicularly magnetized
configurations, the authors have demonstrated the opportunity to separate the
LSSE from the ANE induced by static magnetic proximity.
2.7.2 Theory of the spin Seebeck effect
A first and naive explanation of the TSSE was suggested by Uchida et al. [57].
According to the authors, the temperature gradient ∇Tx creates gradients in the
electrochemical potentials with an opposite sign for spin-up and spin-down elec-
trons in Py at the Fermi level. Those gradients create local differences in the spin
potentials below the Pt stripes and, thus, the injection of a spin current into the
Pt stripe. Later this rather simple explanation was shown to be far from real as
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the signals were observable at distances much larger than the spin diffusion length
of the FM.
The first intuitive model that can shead light on the physics of the SSE was given
by Xiao et al. [5]. Let us consider first an interface between the ferromagnet
and normal metal being at thermal equilibrium . If the ferromagnet is thermally
excited, in accordance with Eq. (2.11) due to the time-dependent precession of
the magnetization ~m(t), a net spin current is ’pumped’ into the normal metal. In
turn, the normal metal generates a thermal (Johnson - Nyquist) noise, which is
presented in the form of partially spin-polarized current fluctuations [87]. Those
fluctuations create a random spin transfer torque that, on the contrary, generates
a precession of the magnetization in the FM. In the case of thermal equilibrium,
those two effects, averaged in time, compensate each other in order to fulfill the
second low of thermodynamics. Thus for the generation of a non-zero spin current
in the SSE, a thermal non-equilibrium at the interface between the ferromagnet
and normal conductor is requied.
Now let a temperature gradient be applied along the ferromagnet and assume that
the electrons and phonons are thermalized with a temperature of TN as usually
electrons and phonons are relatively strongly coupled to each other, but much less
to the spins. If the underlying ferromagnet is macroscopically large, a macrospin
approximation is not appropriate and a space-dependent magnon temperature
distribution Tf (x) has to be considered, which can differ from that of the electron-
phonon system. This extension was done by Xiao et al. [5]. They utilized a theory
of Sanders and Walton [88], who studied the magnon heat transport and magnon-
phonon thermal relaxation mechanisms in ferromagnetic insulators. It was found
that the magnon system gets equalized with the phonon system within a finite
relaxation time interval τmp, which is reciprocally proportional to the magnon-
phonon interaction strength. In addition, it was concluded that the steady-state
magnon and phonon temperature gradients differ from each other. According to
that theory, both, magnon and phonon temperatures (Tm and Tp, respectively)








[Tp(x)− Tm(x)] = 0, (2.13)
where Cp , Cm are the specific heats of the phonon and magnon systems, respec-
tively, and Km is the magnon thermal conductivity. As the thermal conductivity
via magnons is generally much smaller than that by phonons (Cm << Cp) [89],
and using a scattering theory, Xiao et al. have predicted that the spin current in
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where Vcoh is the magnetic coherence volume that is a material dependent param-
eter standing for the range over which a given perturbation can be experienced,
being of the order of (10 nm)3. A similar expression for the spin current injected
at the interface and detected in the SSE experiments was derived by Adachi et al.
[6] in the frame of a linear response theory.
Equation (2.14), summarizing the current qualitative understanding of the SSE,
at the same time raises a few issues that have to be solved in the future. The
magnitude of the spin-mixing conductance, being well established for intermetallic
interfaces [90], is not well defined for the interfaces between metal and magnetic
insulators, such as ferrits etc.. Although the experimentally observed values of the
spin mixing conductance are rather small, which is in agreement with the initial
modeling in a simple Stoner model limit, a local moment theory [91] and band
structure calculations [92] predict much larger values. This discrepancy may be
experimentally solved by a careful interface preparation [93]
As already mentioned, the mean free path length of magnons and the spin diffu-
sion length of the free electrons in ferromagnetic metals are too small to explain
the TSSE on the length scale of a couple of millimeters, observed in experiment.
Probably, the role of coherent phonons is essential for the interpretation of those
experiments, as the TSSE is claimed to be robust against scratches in the ferro-
magnetic film [1], proving that the substrate plays an important role.
Additionally, the two temperature model (Tm and Tp) [5, 6] was experimentally
tested by Agrawal et al. [94]. The authors presented the time-resolved measure-
ments of the LSSE in YIG|Pt bilayers performed by laser heating experiments.
The results reveal that the LSSE signal attains its maximum already within a few
microseconds, whereas the temperature in the system establishes in milliseconds.
Thus, the time scale of the LSSE cannot be explained by taking into account only
the temporal evolution of the thermal gradient at the interface and magnon dif-
fusion in thermal gradients should govern the LSSE. Obviously the origin of the
SSE is still unclear and under discussion!
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2.8 Magnetic anisotropy of GaMnAs
GaMnAs is one of the bright representatives of the so-called diluted magnetic
semiconductors (DMS), in which a small amount of magnetic ions (e.g. Mn) are
introduced into the host semiconducting material (e.g. GaAs). The ultimate goal
for application is a magnetic semiconductor with a ferromagnetic transition tem-
perature above room temperature. At the typical growth temperature of 600 C◦ for
GaMnAs, a high crystalline quality can be fairly ensured at a very small amount
of transition metal atoms (x ≈ 0.01%). Higher doping concentrations lead to the
formation of MnAs-clusters, which are embedded into the GaAs matrix. The for-
mation of clusters is inhibited if the growth temperature is close to the solubility
limit at 160−190 C◦. Then ferromagnetic films with significantly good crystalline
quality can be produced up to Mn– concentrations of 10%. The lower growth
temperature, however, introduces a larger number of point defects, resulting in a
degradation of the ferromagnetic properties. With a post-growth annealing the
defects can be partially eliminated.
GaAs crystallizes in a zinc-blende crystal structure, which is composed of two
interpenetrating fcc (face-centered cubic) sublattices of the elements gallium and
arsenide. In GaMnAs a small amount of the Ga-atoms is substituted by Mn-atoms.
As the doping concentrations of the Mn atoms, being of the order of a few per-
cent, are low, the average distance between the substitutional Mn atoms is rather
large, leading to the situation that the direct exchange interaction between the
localized spins of the Mn atoms is too small to provide a strong ferromagnetism.
However, Mn atoms substituting the atoms of Ga provide not only localized spins
of S = 5/2, but also delocalized holes that mediate an interband magnetism. Con-
sequently, the ferromagnetic order between the localized Mn spins in (Ga,Mn)As
is caused by the indirect exchange interaction mediated by the itinerant holes, the
so called Ruderman−Kittel −Kasuya− Y osida interaction (RKKY), which is
also responsible for spin pumping in normal metals as discussed in Sec. 2.5.
The dependence of the free energy on the direction of the magnetization with re-
spect to the crystallographic axes is reflected in the magneto-crystalline anisotropy
of the system. As a rule in common ferromagnets, magneto-crystalline anisotropy
is the result of the interaction between the spin of an electron and its orbital mo-
mentum. In GaMnAs the Mn2+ acceptors with the localized spin S = 5/2 have a
d5 configuration, i.e. a d-shell with zero orbital momentum (L = 0). Therefore a
spin-orbit interaction between the localized d-electrons cannot be responsible for a
pronounced magneto-crystalline anisotropy. However, as the exchange interaction
is mediated by free holes with non-zero orbital momentum, the magneto-crystalline
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anisotropies in GaMnAs are caused by a strong spin-orbit coupling in the valence
band. The ferromagnetic ordering between the localized magnetic moments of
Mn2+, mediated by free carriers, has attracted considerable interest in recent
years due to its potential application in spintronics [95, 96].
In GaMnAs films on GaAs (001)-substrates a number of magneto-crystalline aniso-
tropies are experimentally observed: (i) anisotropy with a cubic symmetry, (ii)
anisotropy with an easy axes perpendicular to the film plane and (iii) uniaxial
in-plane anisotropies. Cubic anisotropy with the easy axes oriented either along
the 〈100〉 or 〈110〉 directions is expected in a completely unstrained GaMnAs film.
This behavior was theoretically predicted in the mean field calculations by Dietl
et al. [97], being the result of the symmetry of the zinc-blende crystal structure.
However, only a cubic anisotropy with easy axes along 〈100〉 has been observed
experimentally in GaMnAs so far and no 〈110〉 anisotropy was reported. A uniaxial
anisotropy perpendicular to the film plane, i.e. along the growth direction, appears
in GaMnAs due to the lattice mismatch between film and substrate, which induces
a biaxial strain εxx = εyy = ∆a/ a0 in the film plane. Depending on the Mn atoms
concentration this uniaxial anisotropy can result either in an easy axis (Mn < 4%)
or hard axis (Mn 4%) in direction perpendicular to the film plane [98]. A uniaxial
magnetic anisotropy in the film plane with an easy axis either along the [110] or
[110] directions is frequently observed experimentally in GaMnAs [14, 99–102].
The physical origin of this anisotropy is still under debate [99] as an additional
trigonal distortion εxy of 0.01− 0.05% has to be assumed in the mean-field Zener-
model to explain its presence.
Any magnetic anisotropy, if present in the sample, can have a high impact on all
magnetic properties and transport properties, including the registered thermoelec-
tric effects and, thus, deserves a proper consideration. In general, thin GaMnAs
films show a superposition of uniaxial and cubic magnetocrystalline anisotropies,
and the competition between them determines the orientation of the effective easy
axes in the system. A convenient way to investigate the magnetic anisotropy is
to utilize the PHE effect discussed in Sec. 2.3, which due to its strict relation
to the direction of the magnetization is a sensitive tool for studying the in-plane
magnetization. This technique can be applied in cases in which the transport
measurements are more sensitive than magneto-optical- or vibrating sample mag-
netometry [103, 104]. It is a useful tool to analyze the symmetry of the transverse
voltages that appear in the TSSE geometry, as their shape and amplitude strongly
depend on the orientation of the magnetization vector. Recently Tang et al.[105]
reported the observation of a giant PHE in GaMnAs films and they have related
this behavior to the magnetic anisotropy of the system. Such a technique was
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Figure 2.8: The polar (a), longitudinal (b) and transversal (c) magneto-
optical Kerr effects. RN is the regularly reflected electric field amplitude and
RK the Kerr amplitude, induced by the media, ϑ0 is the angle of incidence.
Adapted from [107].
also developed by Shin [14, 101] to determine the temperature dependence of the
anisotropy constants in the system.
2.9 Kerr microscopy
The surface magnetization of a magnetic sample can be visualized with help of
the magneto-optical Kerr effect [106]. When linearly polarized light at optical
frequencies illuminates the surface of a magnetic sample, it is reflected and it’s
polarization plane experiences a small rotation either clockwise or counterclock-
wise, depending on the orientation of the magnetization on the surface. The effect
of light rotation is successfully used in Kerr-microscopy since the 1950’s and for
magnetometery since the 1980’s, and it is thoroughly described in the book by
Hubert and Schäfer [107]. The fundamentals of the Kerr effect can be found in
Ref.[108].
The orientation of the magnetization at the sample surface can, in the most general
case, be seen as the sum of out-of-plane and in-plane components. The Kerr ro-
tation, defined as the (small) angle between the ordinarily reflected light and that
part of the light that has experienced the rotation of the polarization plane, is pro-
portional to the sample’s magnetization component along the reflected light beam
direction. The situation when the magnetization points along the surface normal,
shown in Fig. 2.8 a, is known as polar Kerr effect. This effect is strongest, when
the angle of incidence is ϑ0 = 0
◦. Then the rotation of the plane of polarization is
the same for all polarization directions of the incident beam. If the magnetization
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Figure 2.9: The adjustment of the polarizer and analyzer for the longitudinal
Kerr effect.
at the sample surface is in-plane and oriented along the plane of incidence, the
longitudinal Kerr effect is observed. The configuration for the longitudinal effect
is shown in Fig. 2.8 b. In this case the light beam has to be inclined relative to the
surface to yield a magneto-optical rotation for parallel (with respect to the plane of
incidence) polarization or perpendicular polarization (not shown) of the in-coming
light. For an angle of incidence ϑ0 = 0
◦ the effect vanishes. In case of transverse
orientation (Fig. 2.8 c), in which the magnetization is perpendicular to the plane
of incidence but still in the sample plane, the reflected light will also generate
a Kerr amplitude. The polarization direction does not experience any rotation,
i.e. it has the same orientation as that of the regularly reflected beam, but the
amplitude of the light would be either increased or decreased. This can be used
for measuring purposes too, but only with little contrast in a visible image. The
effect is maximal when the polarization plane is at 45◦ to the plane of incidence.
As in the general case the in-plane magnetization can be oriented arbitrarily, it
should be considered as the superposition of magnetization components parallel
and perpendicular to the plane of incidents of the light, and then, longitudinal or
transversal Kerr effect are always applicable.
2.10 Quantitative Kerr microscopy
For a quantitative description of the Kerr effect let us assume a beam of polar-
ized light falling on a magnetic sample under the angle of incidence ϑ, and the
polarization direction to be ψ, measured from the direction perpendicular to the
plane of incidence (Fig. 2.9). Then after passing the analyzer, set at the angle
α with respect to the plane of incidence, the reflected light wave would have the
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amplitude of [18]:
A = −N‖cos α sin ψ +N⊥ sin α cos ψ
+Kpcos(α− ψ)cos η
+Klcos(α + ψ)cos ϕ sin η
−2Ktcos α sin ψsin ϕ sin η, (2.15)
where N‖ and N⊥ are the ”normal” or regular amplitude reflection coefficients
for parallel and perpendicular polarization, which would be present even without
magnetic effects and that are governed by the Fresnel laws. The angles ϕ and
η determine the magnetization direction, η = 0◦ stands for the polar direction
and η = 90◦, ϕ = 0◦ for the longitudinal direction. Kp, Kl, Kt are the polar,

















where n0 is the (complex) refractive index of the material, ϑ0 is the angle of prop-
agation inside the sample, which is related to ϑ0 by Snell’slaw; Q is the magneto-
optic material constant, and T and T ′ are the normally transmitted amplitudes
into and out of the sample, respectively. In general, all quantities have to be
considered complex in order to describe the phase relations and absorption effects
correctly. As quantitative Kerr microscopy is restricted to in-plane magnetized
materials, we may ignore the polar effect and assume η = 90◦.
The measured quantity is not the amplitude, but the intensity, which is obtained
as the product of real and imaginary parts of the light wave amplitude. After the
multiplication of the real and imaginary parts of the amplitude written in Eq. 2.15
with substitution of the corresponding quantities from Eq. 2.16, the intensity will
have the following form:
I = I0 +Bml + Cmt +D, (2.17)
where ml and mt are the normalized longitudinal and transverse magnetization
components, I0 is a combination of the squares of the normal amplitudes N , the
coefficients B and C are some combination of the NK terms and D is an expression
of the order K2 which is quadratic in the magnetization components. By un-
crossing the polarizers (see Sec. 3.2.4 for details) the N component becomes large
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Figure 2.10: Calibration functions of the Kerr intensity at two different in-
plane sensitivies as a function of magnetization direction (schematically). The
intensities of the domain with an unknown magnetization direction, measured
under the same conditions (two complimentary sensitivities), are compared with
the calibration functions, as indicated by arrows. Reproduced from [109].
and the K2 term can be neglected compared to the NK term. We then end up
with an intensity which is a linear function of the magnetization components ml
and mt.
Based on Eq. 2.17, a quantitative analysis of the domain images can be performed.
The normal contribution (I0 in Eq. 2.17) can be eliminated with the help of the
difference image technique (see Sec. 3.2.4 for details). By measuring the intensities
of known magnetization directions (which can e.g. be obtained by saturating the
sample in well defined directions) under two different magneto-optical sensitivity
directions, the coefficients B and C can be determined. The common approach is
to perform such a calibration by taking images while an external magnetic field of
constant amplitude is rotated. The outcome, in the ideal case, are two sinusoidal
calibration functions (Fig. 2.10) with complimentary in-plane sensitivities that are
phase-shifted by 90◦: two independent (ψ, α)-combinations (for example one for
the longitudinal and one for the transverse effect), providing two linear equations
for the two magnetization components ml and mt and shifted one from the other
by 90◦. Then two pictures of the domain structure with unknown distribution
of the magnetization are taken under the two sensitivity conditions. Combining
those images with the intensity calibration data the magnetic distribution for the
unknown pattern can be found. The two different sensitivity regimes are needed
to resolve the problem of the ambiguity due to the possibility of two different
solutions (angles) for the sinusoidal calibration function.
Initially, quantitative Kerr microscopy was realized by Rave et al. [18]. A rather
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sophisticated procedure with use of the longitudinal and transversal Kerr effect
as complimentory effects was suggested. The images of the domain pattern of
interest and the reference images for the substraction were made sequently as the
sensitivity was changed from longitudinal to transversal by mechanical rotation of
the analyzer and polarizer. Due to the mechanical adjustment those experiments
were rather difficult to perform and great care was required.
As the next step a possible simplification for certain types of magnetic materials
was suggested by Rave et al. a couple of years later [110]: sometimes it is possible
to achieve domain patterns for which the magnetization of the domains is a-priori
know (like for Landau-pattern in patterned Py film elements or well-defined 180◦
and 90◦ domains in case of a (100)-oriented iron surface). Then the intensity of
those domains can be used for calibration. Any unknown domains in the same
sample, which might be found at differen locations or which are obtained by ap-
plying magnetic fields, can then be quantitatively analyzed without the necessity
to measure the calibration function by the application of the rotated magnetic
field.
The increasing pace of technological changes opened new opportunities for the
quantitative Kerr microscopy. In a very recent work by von Hofe et al. [19], a
glass-fiber illumination was utilized and the directions of the magnetization are
determined by considering two complimentary images with light of different wave
length (blue and red). Although this method works nicely for certain materials,
it has some disadvantages: i) the different absorbtion of the material for different
wave length; ii) different lateral resolutions for the different wavelengths; iii) the
need of either two cameras or an image splitter, that makes the observable area to
shrink. A thorough review on recent progress in wide-field Kerr microscopy can be
found in Ref. [111]. The information on magneto-optical depth sensitivity, spatial
resolution, illumination sources etc. is summarized in that article.
Chapter 3
Experimental methods
In this chapter the preparation of the GaMnAs sample, as well as the experimental
techniques used for the sample characterization are shown. The samples were
carefully characterized with an emphasis on the thermal and magnetic properties
of the structure. In order to get the basic magnetic properties of the specimen
under study, Vibrating Sample Magnetometry (VSM) was used.
3.1 Sample preparation
The structures investigated in this work were grown by molecular beam epitaxy
in the Institute of Quantum Matter in Ulm (Germany) by Dr. Wladimir Schoch
and Dr. Wolfgang Limmer on a semi-insulating 300 µm thick GaAs substrate
with (001) surface and consist of an undoped GaAs buffer layer and the magnetic
Figure 3.1: Orientation of the crystallographic axes in the GaMnAs sample
(in-plane). In the sample with the size of 7 × 10 mm, the cubic and uniaxial
anisotropies are along the 〈100〉 and [110]-directions, respectively.
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(Ga,Mn)As layer. The sample was cut in a rectangular shape with a size of
7× 10 mm. The Ga0.96Mn0.04As film was 200 nm thick with the long side oriented
along the [110] crystallographic axis (Fig. 3.1). The manganese concentration was
restricted to 4%. The easy axes, originating from cubic and uniaxial anisotropies,
are supposed to be close to the 〈100〉-directions. On the surface of the GaMnAs film
lithographically-patterned metallic Pt stripes with a width of 50 µm were deposited
through a special lithographic mask, which allowed precise spacing, shaping and
alignment of the stripes. Two sets of samples with Pt thicknesses of 10 and 20 nm
were prepared. Right before the Pt deposition the sample surface was cleaned
with Acetone, Isopropanol and treated with 0.1% HCl to remove the oxide layer.
Besides the semiconducting GaMnAs structures, an insulating film of Yttrium
Iron Garnet (YIG) has been investigated. The single-crystalline film (3 µm thick)
with composition Y3Fe2(FeO4)3, grown on a thick Gd3Ga5O12 (GGG) substrate
by liquid phase epitaxy, was cut in a bar of size 7×10 mm and as for the GaMnAs
sample, Pt stripes were deposited on top of the film. The YIG film was pro-
vided by Dr. Oleksandr Serha and Dr. Andrii Chumak (Technische Universität
Kaiserslautern).
3.2 Measurement techniques
3.2.1 Vibrating Sample Magnetometry (VSM)
Vibrating Sample Magnetometry (VSM) is a reliable standard technique for the
characterization of the magnetic properties of magnetic materials as a function
of magnetic field and temperature. The magnetic moment ~m and its dependence
on magnetic field, can be detected if the sample is placed within sensing coils
and mechanically vibrated. The voltage generated in the sensing coil, which is
proportional to the alternating magnetic flux and, thus, the magnetic moment of
the sample along a particular orientation, is detected. The magnetic field may
be generated by a superconducting magnet or electromagnet and the variable
temperatures may be achieved in an appropriate cryostat. Being a preferred tool
for the measurements of bulk magnetic materials, VSM is only limited applicable
to thin films, as its sensitivity is limited to a total magnetic moment larger than
10−5 emu. Another disadvantage is the need to perform warmup and cooldown
procedure in case of superconducting magnet, if another orientation of the sample
is desired. Despite all these limitations, VSM provides a quantitative value of the
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magnetization in suitable samples, while the transport measurements (Sec.3.2.2)
deliver one only a qualitative characteristics of the magnetization.
3.2.2 Transport measurement
To characterize the different sample properties and disentangle all possible contri-
butions of the various thermoelectric effects, a number of techniques were applied.
First of all, in order to reproduce the original experiments for the TSSE, the con-
figuration shown in Fig. 3.2 (a) was considered: an in-plane thermal gradient was
applied along the long side of the sample, while the voltage was measured in the
direction transverse to the thermal gradient either on platinum stripes or between
gold contacts that were directly attached to the GaMnAs surface.
All electrical contacting for the transport measurements was performed by using
thin gold wires (Ø = 20µm, up to 3 cm length), which were rolled-up in small
spools to get a maximal length in limited space (see Fig. 3.3) to reduce the heat
flow via the wiring. This is of vital importance for accurate thermal experiments,
as the temperature distribution in the sample can be affected through the heat
flow via huge electrical leads.
The thermal gradient in the system was created either in geometry A1, where
the sample was placed on top of two copper blocks, one of which serving as a
heater and the other as a heat sink, respectively, or in geometry A2 where the
sample, a cold finger and the heater were attached face-to-face to achieve a more
homogeneous and symmetric heat flow. The heat source was realized by winding a
thin (Ø = 20µm) manganin 1 wire around a copper core (piece of copper wire with
a diameter of 1 mm and 5 mm in length). Besides the possible inhomogeneity of
the temperature gradient in the original geometry A1, an unavoidable heat loses
through the Cu block with the heater may occure as it is attached not only to
the sample, but also to the environment. To attach the heater to the sample and
the sample itself to the cold finger, heat-conducting GE-Vanish 2 was used. In
the A2-configuration, where only an in-plane temperature gradient is supposed to
exist, the measurements of the TSSE and PNE were performed.
To specify the contribution of the ANE originating from fortuitous out-of-plane
temperature gradients in the measured signals, Conf. B, where the temperature
gradient ∇Tz was deliberately applied across the film thickness, was designed
(Fig. 3.2 b). The measurement temperature was set to 5 K and the voltage
1Alloy of 86% Cu, 12% Mn and 2% Ni
2General Electrics - Insulating varnish
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Figure 3.2: a) Conf. A: Two variations of the scheme used for SSE and PNE
measurements: (A1) sample on top of the copper blocks and (A2) in face-to-
face geometry. b) Conf. B: geometry of the ANE measurements. c) Conf. C:
geometry of the PHE measurements at constant temperature.
was measured between the two contacts on the GaMnAs surface along the [110]-
direction. The heater was glued on the top of the sample with a 500 µm sapphire
block placed in between for better heat distribution.
In the last Conf. C (Fig. 3.2 c) the sample was fixed with Apiezon N c© on top of
the cold finger and shielded to avoid the appearance of any temperature gradients
in the sample. The temperature was stabilized and a charge current was passed
through the sample long the [110] direction. Either longitudinal or transversal
voltages were measured between contacts that were directly attached to the surface
of the GaMnAs film. In this configuration one expects to observe the pure PHE.
For all configurations there was the possibility to rotate the magnetic field by
360 degrees in the film plane, as well as to sweep the magnetic field from 0 up to
±300 mT. The in-plane rotation of the field appears to be a useful tool for the
disentanglement of the thermoelectric effects arising in the presence of the mag-
netic field, as the generated voltage for symmetry reasons tends to follow different
angular dependencies (cosθ for the transverse SSE and ANE, and (sinθcosθ for the
PNE) [2, 4]. As all the generated thermal or galvanomagnetic voltages are of the
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Figure 3.3: Image of the sample attached to the cold finger. Electrical con-
nection is realized via a rolled-up gold wiring.
order of some hundred nanovolt, a nanovoltmeter 1 was used to detect the signals.
All the measurements were performed in a helium flow cryostat with a glass win-
dow for the optical studies by means of Kerr microscopy. For the pure transport
1Keithley 2182
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Figure 3.4: Sketch for the schematics of the steady–state experimental tech-
nique for the thermal conductivity measurements.
experiments this window was closed and around the sample some additional shield-
ing was constructed to prevent uncertainty via radiation losses. The cryostat with
the sample under vacuum was placed into a vector quadrupole electromagnet,
allowing to rotate the magnetic field in arbitrary directions without physical reori-
entation of the sample. The sample temperature should accurately be stabilized
in the range of 4.2− 300 K by a temperature controller 1.
For a successful measurement all the electronic has to be concerted, thus each
device was attached to a PC, where a self-written program took care of setting
temperature and field, saving experimental data etc.. As software platform, Na-
tional Instruments Labview 2014 was chosen, being a appropriate developing en-
vironment for science application purposes.
3.2.3 Thermal conductivity measurements
In the steady-state methods of measurement, the test specimen is subjected to
a temperature profile which is time invariant, and the heat conductivity is de-
termined directly by measuring the rate of heat flow per unit area, when the
temperature gradient at equilibrium has been reached. The definition of heat con-
ductivity κ(Tm) at temperature Tm in the isotropic case for a steady state heat
flux comes from Fourier’s law jq = −κ(∇T )x. The principle of a steady–state
measurement is shown in Fig. 3.4. A bar of the material under the examination
with a crossection of A is contacted with one of its sides to a heat sink of the
1Lakeshore 336 Temperature controller
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temperature T0. At the other side a resistive heater is attached, providing the
temperature T1 > T0 due to the heating power Ph, controlled via the electrical
current through the heater, with the voltage drop Uh monitored at the same time.
This leads to a heat current jq through the sample. Therefore the generated heat






The temperature gradient ∇T generated by the heat current is measured via
thermocouples separated by the distance l. The signal measured across the ther-
mocouple junctions is the voltage Uth. The temperature difference between these
contacts can be obtained by ∆Tx = Uth/Sth, where Sth is the temperature and
thermopower of the thermocouple. In order to avoid background voltages, the
thermal voltage is measured twice with applied heater current U onth and without
U offth . Then the voltage, corespondent to the temperature difference with heater








The mean temperature of the sample is Tm = T0 + (d +
L
2
)(∇T )x, where d is the
distance from the heat sink to the nearest thermocouple contact.
Finally, the measured heat conductivity is written as
κ =
∣∣∣∣ jq(∇T )x
∣∣∣∣ = UhIhSthLAUth . (3.1)
3.2.4 Kerr Microscopy
The classical experimental setup for Kerr microscopy is shown in Fig. 3.5 and con-
sists of a number of elements. Nowadays, light-emitting diode (LED) lamps have
replaced the xenon or mercury arc lams that were used previously. The light emit-
ted by the lamp passes the polarizer to get linearly polarized, then travels through
the objective to the surface of the sample, where it is reflected and experiences
some Kerr rotation. After reflection it is collected by the objective and then passes
another polarizer (called analyzer) till it finally reaches the ocular or the sensor of
the digital camera. In general, interacting with the sample the light also can gain
some elliptic polarization, which may be easily corrected with a compensator (a
quarter wave plate λ/4 in our case), inserted before the analyzer.
When polarizer and analyzer are crossed at 90◦, in the so-called conoscopic image
of the back-focal (Fourier) optical plane of the objective lens the so-called Maltese
cross is seen (inset Fig. 3.5). To obtain longitudinal sensitivity (see Sec. 2.9) light
that passes through on of the cross arms has to be chosen for illumination. In this
case the light enters to the sample surface at a certain angle of incidence, providing
maximum sensitivity for in-plane magnetization along the plane of incidence and
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Figure 3.5: Schematics of the Kerr-effect-based measurement system. Inset:
image of the aperture slit as seen in the conoscopic image of the back-focal
(Fourier) optical plane of the objective lens with insertion of a Bertrand lens in
the optical path or by removing the eye piece. There are shown slit positions,
corresponding to longitudinal (a) and polar (b) sensitivities.
at the same time for out-of-plane surface magnetization. If the area in the center of
the Maltese cross is chosen as shown in inset (b) of Fig. 3.5, then only out-of-plane
domains can be distinguished (polar Kerr effect - Sec.2.9). To chose the specific
area in the conoscopic plane, in a conventional Kerr microscope a mechanical
aperture slit is used, providing only limited opportunity to control the sample
illumination and position reproducibility.
Appropriate materials for Kerr microscopy are any metallic or otherwise light-
absorbing magnetic materials with a sufficiently smooth surface. As the light is
reflected within a thin surface layer, the information depth in metallic materials
is arond 20 nm.
The Kerr rotation for the majority of magnetic materials is rather small (typically
< 0.1◦) so that also the domain contrast can hardly be seen in a regular micro-
scope image. To enhance the contrast, a difference-imaging technique can be used.
Here two images are taken, the first is made when the sample is saturated, and
the second one contains the domain structure. Then the former, containing only
topographic information, is subtracted from the latter. In such a difference image
the contrast arising from the magnetic domains, is retained. Moreover, to increase
the signal-to-noise ratio a number of images can be averaged.
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Like for transport measurements, also for Kerr microscopy the quadropole magnet
was used in this work to provide in-plane fields at arbitrary direction.
For quantitative Kerr microscopy a new LED light source and control software were
developed. It provides the opportunity to separate the in-plane and out-of-plane
components of the Kerr contrast and to obtain images of the domain structure in
two complimentary sensitivities simultaneously needed for quantitative analysis as
discussed in Sec. 2.10. The developed technique is introduced in Appendix A.
To reduce the noise in the obtained domain images a mean-weighted averaging
procedure was developed. When this filtering is applied to the image, each pixel is
influenced by the neighboring in the following way: K groups of neighboring pixels,
depending on the distance to the initial one (Fig. 3.6), are formed. Each group
contains Ni elements (for i = 1: 8 in the nearest neighborhood, for i = 2: 16 in
the next neighbor group etc.). The processed pixel (the red one) has the maximal
weight w0 = 1 and the weight wi of the neighboring pixel groups decreases with
decreasing distance of this group from the processed pixel. Then the intensity of
each pixel In,i is multiplied by the weight of the group to which it belongs and
divided by the number of the elements in the group. Finally, all products are
summed up to form the intensity of the processed pixel:








where Iinit is the initial intensity of the processed pixel. The following parameters
for the filter can be set: the number of the neighboring pixel groups K and the
weight of pixels in the groups wi. Such a filter essentially improves the determi-
nation of the magnetization direction as it reduces the pixel noise.
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Figure 3.6: Processed pixel and the neighboring pixel groups (yellow, green




This chapter is dedicated to the investigation of the various thermoelectric and
galvanomagnetic effects, which we have observed in our semiconducting and in-
sulating samples. We will start with the basic magnetic properties of GaMnAs,
investigated by VSM (magnetization hysteresis loop and the temperature depen-
dence of magnetization), followed by thermal conductivity measurements that are
important for the understanding of the spin caloritronic effects in the system.
Then the results of the experiments in the different measurement configurations
(TSSE, ANE, PHE -configurations) are presented. The observed signals are ex-
plained under consideration of conventional thermoelectric effects. Then the re-
sults about the magnetic anisotropy in the GaMnAs structures, investigated by
PHE measurements (Sec. 4.5) and Kerr microscopy (Sec. 4.6), are introduced. For
a more comprehensive analysis of the SSE and concomitant thermoelectric effects
the additional experiments on the in insulating YIG system are given in Sec. 4.8.
43
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4.1 Magnetization of GaMnAs (VSM data)
In Fig. 4.1 the temperature dependence of the magnetization, measured along the
[110]-direction by VSM is shown. Initially the sample was cooled down to 4 K in
an external magnetic field of 20 mT (200 Oe), then during the subsequent heating
in a field of the same orientation and amplitude of 1 mT (10 Oe) the M vs T
curve was obtained. As can be seen from the inset in Fig. 4.1, the transition from
the paramagnetic to the ferromagnetic state takes place at a Curie temperature
Tc ≈ 63 K.
Figure 4.1: Temperature dependence of the magnetization of the GaMnAs film
along the [110]-direction (solid line). The dashed line in the low temperature
region (T < 30 K) is the expected behavior of the M(T) dependence. The upper
right inset shows a zoom into the region near Tc, the lower left inset shows a
schematics of the magnetic anisotropy axes in the sample.
Concerning the shape of the M(T) curve, in Fig. 4.1 a number of distinct slopes are
clearly distinguishable, so that this curve differs from the parabolic dependency
that is common for ferromagnetic materials. Two regions can be separated: a
low temperature region (T < 30 K) and a region near Tc (40 − 60 K). At low
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Figure 4.2: Magnetization curve measured at T =10 K with the magnetic
field oriented along the [110] direction. Inset: Zoom-in on the small-field region
of the main curve.
temperatures, the expected behavior of the magnetization is represented by open
circles in Fig. 4.1. The reason for the deviation of the measured magnetization
from this curve is a temperature-dependent magnetic anisotropy in the sample.
VSM is only sensitive to the sample magnetic moment along the measurement
direction (in our case the [110]-direction), i.e. the projection of the magnetization
on this direction is recorded. As it will be shown later in Sects. 4.5 and 4.6, at low
temperature the effective anisotropy axes are close to the crystallographic [100] and
[010] axes (see inset in Fig. 4.1). The applied external magnetic field of 1 mT along
the [110]-direction is not sufficient at low temperature to completely rotate the
magnetization along the field direction. Thus, the projection of the magnetization,
and in with it the measured values are lower than the saturation magnetization
moment of the sample. As the temperature increases, the effective easy axes
start to deviate from the [100] and [010]-directions, moving towards the [110]-
direction. This increases the projection of M on the [110]-direction, thus virtually
counteracting the natural decrease of the magnetization with temperature, ending
with a curve of lower slope than expected. If a higher external field would have
been applied, the curve would rather behave in the way as shown in Fig. 4.1 by
Chapter 4 Experimental results and discussion 46
open circles. In our case we have applied a small field because the SSE, reported in
literature [1, 63], was expected to occur in the small field region. Another reason for
working in the small-field region is to demonstrate the importance of the magnetic
anisotropy in magnetic media and its dependence on the temperature.
The nature of the curvature decrease, observed in the 40− 60 K region near Tc, is
not so clear. A possible reason could be inhomogeneities in the Mn distribution
at such low doping concentrations. This inhomogeneity results in the formation of
magnetic clusters in the sample near Tc with different ferromagnetic|paramgnetic
state transition temperatures. A concave curvature near Tc was also observed in
[100, 101].
Below Tc = 63 K a hysteretic behavior of the magnetization in magnetic field
sweeps is observed. The coercivity increases with decreasing temperature and at
10 K a coercive force of approx. 5 mT is measured (Fig. 4.2). At first glance
(inset in Fig. 4.2) the saturation magnetization seems to be reached at the field
of coercivity (5 mT). However, a closer look at the main magnetization curve in
Fig. 4.2 reveals an increasing magnetization with field and saturation is reached
only at a magnetic fields higher than 200 mT (at 10 K), when the magnetization
entirely points in the direction of the external field. Note that in the literature on
the SSE in semiconductors only a limited range of the fields close to the coercivity
is discussed [1, 63], whereas such an increase in fields far beyond coercivity is
usually not considered.
4.2 Thermal Properties of GaAs|GaMnAs het-
erostructure
The thermal conductivity and thermopower measurements were performed by a
steady-state technique (Sec. 3.2.3). As can be seen in Fig. 4.3, the absolute values
of the thermal conductivity and longitudinal thermopower rise drastically with
decreasing temperature and reach maxima at 25 K and 20 K, respectively. The
shape of the thermal conductivity curve indicates the prevalence of a phonon-
phonon scattering process in the system at high temperatures [112] and defect
scattering in the temperature region around the peak [113], while the shape of
the longitudinal thermopower largely repeats that of the thermal conductivity.
The absolute value of the thermal conductivity is in agreement with the data
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Figure 4.3: Dependences of thermal conductivity κ and thermopower S (inset)
of the GaAs/GaAsMn heterostructure.
in literature: the measured curve is close to that for the ”high purity” sample
in Ref. [114], and the room temperature value coincides with that in Ref. [115],
indicating a good quality of the sample investigated in this work.
The high values of the thermal conductivity of the order of 2000 W/(K·m) in the
temperature range below 50 K are related mostly to the thermal properties of the
GaAs substrate, as the heat flows mainly through the thick substrate. Such a
high thermal conductivity makes it rather difficult to apply strong temperature
gradients to the film itself. Due to the significantly larger thermal conductivity
of GaMnAs [order of ≈ 1000 W/(K m) at 10 K] as compared to that of the
GE-Varnish glue [order of 0.1 W/(K m) at 10 K] used to attach the sample to
the measurement setup, the temperature drop occurs mostly at the glue. The
temperature drop along the sample itself is only about some hundreds of milli-
Kelvin, if, for example, in Conf. A1 (Fig.3.2) the temperature difference between
heat sink and copper block with heater is some tens of Kelvins.
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4.3 Measurements in transversal spin Seebeck /
planar Nernst effect configuration
In this section the measurements of the transverse voltages, obtained along the
Pt stripes that are in direct contact to the magnetic film (see Fig. 3.2 a) for the
configurations (A1) and (aA2) according to Fig. 3.2 are presented and discussed.
Figure 4.4: Measurement configuration with the sample being on top of the
copper blocks (a) and in face-to-face geometry (d). Transverse voltages Vy as a
function of the magnetic field swept in the direction of the temperature gradient
and measured at the Pt stripes 1 and 4 in Conf. A1 (b, c) and Conf. A2 (d, f).
In first experiments on the GaMnAs heterestructure the sample was positioned on
top of the two copper blocks as shown in Fig. 3.2 a, Conf. A1. The temperatures of
the two blocks were stabilized at 7 K and 17 K, respectively, implying an in-plane
temperature gradient along the [110]-direction. As already mentioned in Sec. 4.2,
the actual temperature drop along the sample itself is only about hundreds of
milli-Kelvin. The magnetic field was swept in the range of ±10 mT along the
direction coinciding with the desirable temperature gradient ∇Tx (ϕH = 0◦).
Figures 4.4 (b) and 4.4 (c) show the field dependencies of the transverse voltage
measured along the platinum stripes at the hot and cold sides of the sample (stripes
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1 and 4 in Fig. 3.2). The behavior of the transverse voltage clearly resembles the
behavior that is typically reported for TSSE measurements [1, 57, 116]: the V (B)
hysteresis loops show an inverted symmetry (sign) when measured at the hot and
cold sides of the sample.
The situation drastically changes when the experimental configuration A1 is mod-
ified to Conf. (A2) as sketched in Fig. 3.2 a. The arrangement of the heater and
cold finger in a face-to-face design provides a more homogeneous and symmetric
heat flow through the system, thus decreasing possible out-of-plane temperature
gradients in the sample. The transversal voltages, obtained in this configuration,
are presented in Fig. 4.4 (e) and (f). The amplitude of the voltage is higher as
compared to that in Conf. (A1), because in Conf. (A2) a greater heatflow through
the sample is applied. In Conf. (A2) the sign reversal between the cold and hot
ends registered in Conf. (A1) (Fig. 4.4 b,c) is not longer observed and the signals
measured at both ends have the same symmetry. The amplitude of the voltage at
the cold end is smaller than that at the hot end but is nevertheless of the same
sign. Such a behavior suggest a significant influence of the measurement geometry
on the obtained thermopower voltages.

























Figure 4.5: (a, b): Transverse voltages Vy measured at the Pt stripes 1 and
4 in Conf. (A1) as a function of the magnetic field swept in the direction of
the temperature gradient; (c, d): Transverse voltages obtained between pairs
of contacts attached directly to the GaMnAs film and placed between the Pt
stripes 1 and 2, 3 and 4 in Conf. (A2). The heating power is 10 mW.
Moreover, directly contacting the GaMnAs thin film by using silver-paste (i.e.
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excluding contributions from the platinum patches or stripes) had no impact on the
shape of the registered curves: the asymmetric loops were still present, including
the sign reversal between the cold and hot ends. This observation indicates that
the signals registered in both cases originate from effects that must arise in the
ferromagnetic thin film of GaMnAs itself rather than at the GaMnAs|Pt interface.
The field range of ±10 mT, used for the measurements in Fig. 4.4 is a typical
range, in which the TSSE was reported on such magnetic films of GaMnAs [1].
According to Fig. 4.2 however, there is still some rotational magnetization process
to be expected for fields higher than 10 mT. In Fig. 4.5 (a) and (b) the field
dependencies of the transverse voltage measured with temperature gradient in
Conf. A1 on the platinum stripes at the hot and cold sides of the sample (stripes
1 and 4 in Fig. 3.2) are shown for fields up to 100 mT. In addition to contributions
that are asymmetrical with respect to the negative and positive field directions in
small fields, one can also identify symmetric parts in the signal. The behavior of
the asymmetric contribution remains the same as found for small maximum field
amplitude (Fig. 4.4): a sign reversal is only present when the experiments are
performed in Conf. (A1), and it disappears in Conf. (A2) as shown in Fig. 4.5 (c)
and (d); the Pt stripes do not contribute themselves as the signals don’t change
if they are measured directly across GaMnAs film (Fig. 4.5 c and d). While the
nature of the asymmetric contribution will be addressed below, the symmetrical
part can be clearly attributed to the PNE signal [7, 117], introduced in Sec.2.2,
and not to the TSSE.
A great help in interpreting the observed signals is provided by the analysis of the
angle dependencies. In Fig. 4.6 transverse voltages, measured during field sweeps
at different angles with respect to the [110]-direction, are shown. Along with
the evolution of the symmetric contribution of the PNE effect, one can extract
the behavior of the asymmetric part and trace its angular dependence to try
to attribute this signal to any known effects. The amplitude of the asymmetric
contribution, derived as the difference ∆Vy in voltage in oppositely saturated states
(see Fig. 4.5) is plotted in Fig. 4.7. Obviously, the extracted dependency resembles
a cosine function, which is the characteristic feature of the anomalous Nernst
effect. The ANE, however, requires an out-of-plane temperature gradient. The
possibility of such a gradient will be is discussed in the following section. In
Fig. 4.7 the difference in the transverse voltage of the oppositely saturated states
∆Vy is only shown for angles between 0
◦ and 180◦ as the direction 0◦ is equivalent









































































Figure 4.6: Transverse voltages Vy measured between pairs of contacts at-
tached directly to the GaMnAs film and placed between the Pt stripes 1 and
2 (Fig. 3.2). The magnetic field was swept at the indicated angle to the [110]-
direction.
to the 180◦ direction for symmetry reasons. The initial field direction, i.e. the
0◦ angle between external magnetic field and the [110]-direction, may be defined
arbitrarily. The data in the 180◦−360◦ range will mirror the data in the 0◦−180◦
range with respect to the 180◦ point. The small phase shift of the experimental
points with respect to the theoretical cosine dependence could be due to a slight
misalignment of the contacting pads at the sample along the direction of the
temperature gradient. It should be mentioned that in Fig. 4.6 the hysteresis loops
are flat (i.e. the saturation is reached right after the field becomes higher than




n, n = 0, 1, 2..., whereas for
other angles the voltage gradually approaches saturation, as already seen in the
VSM data (Fig. 4.2). This is again due to the magnetic anisotropy in the sample,




n, n = 0, 1, 2... angles.
4.4 Anomalous Nernst effect measurements
To clarify whether the signals observed in Fig. 4.4 and 4.5 have a contribution from
the conventional ANE, we performed experiments in Conf. (B) (Fig.3.2 b), where a
temperature gradient ∇Tz was deliberately applied across the film thickness. The
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Figure 4.7: Difference in the transverse voltage of oppositely saturated states
∆Vy in Conf. (A2) as a function of the angle between the magnetic field and
the [110]-direction (open circles). The solid line shows a A cosϕH dependence,
where A is a normalization coefficient.
base temperature was set to 5 K and the voltage was measured between two direct
contacts on the GaMnAs surface along the [110]-direction. Upon application of a
100 mW heating power, the out-of-plane temperature gradient in the ferromagnetic
film is estimated to be not less than ∇Tz = Pκ·A = 5 K/ m [with an area A of the
sapphire plate of 4×5 mm2 and the thermal conductivity of GaAs at 10 K assumed
to be κ = 1000 W/(K m) as follows from the data in Sec. 4.2 Fig. 4.3]. The voltage
measured along the [110]-direction with the magnetic field being swept at different
angles with respect to the [110]-direction is shown in Fig. 4.8. The observed
angular dependence is typical for the conventional ANE in a ferromagnetic material
and can be analytically described as [76]:
~∇VN = −α · ~m× ~∇Tz, (4.1)
where α is the ANE-coefficient and ~m is the unit vector of magnetization. Since the
magnetization lies in-plane, the amplitude of the signal is reduced to zero when
the angle ϕH changes from 0
◦ to 90◦, thus revealing a cosine-type dependence.
This cosine behavior coincides with that observed in the TSSE/PNE configuration
[Conf. (A) in Fig. 3.2], plotted in Fig. 4.7, providing a strong proof of the fact that
the origin of the asymmetric contribution to the transverse voltage is the ANE due
to spurious out-of-plane temperature gradients.
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Figure 4.8: Field dependence of the voltage measured as the magnetic field is
swept at different angles with respect to the [110]-direction in the Nernst Conf.
(B). The inset shows the field dependence of the ANE constant.





where lN = 5 mm is the distance between the voltage contacts. The highest
value reached at 0◦ is about 500 µV/K (inset in Fig. 4.8), which is rather large in
comparison to that reported by Pu et al.[117] for GaMnAs samples with different
orientations of the easy axes with respect to the temperature gradient as compared
to our setup.
Using this value of the ANE coefficient we can estimate the spurious out-of-plane
temperature gradient, responsible for the asymmetric signals and observed in Conf.











which corresponds to a temperature drop of ∆Tz = 12 nK across the 200 nm film
thickness would in fact be sufficient to produce V (B) hysteresis loops with an
amplitude of 150 nV.
From the measurements in the ANE configuration it becomes consequently clear
that the asymmetric signals, observed in Conf (A). in Fig. 4.4 and Fig. 4.5, are not
a manifestation of the sought-for SSE, but they rather result from the parasitic
Chapter 4 Experimental results and discussion 54













Figure 4.9: Field dependence of the Hall voltage measured in Conf. (C) as
the magnetic field was swept in the [110]-direction (ϕH = 0
◦). A charge current
of 1 µA was passed in the same direction as the applied magnetic field. The
temperature of the sample was stabilized at 10 K.
ANE due to spurious out-of-plane temperature gradients. If the SSE should exists
in our GaMnAs sample, it is completely overwhelmed by a strong ANE.
4.5 Planar Hall effect measurements
and magnetic anisotropy
As a further step of disentanglement of the effects we have addressed the PHE,
which has the same spin-orbital nature as the PNE. In a series of experiments
we turned to Conf. (C) (Fig. 3.2 c), in which a charge current was passed in
the [110]-direction, while the temperature of the entire sample was stabilized and
the magnetic field was swept in-plane at different angles ϕH with respect to the
[110]-direction.
Figure 4.9 shows the transverse voltage at 10 K as a current of 1 µA was passed
through the sample and the magnetic field was swept along the [110]-direction.
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Figure 4.10: Field dependence of the Hall voltage measured in Conf. (C) as
the magnetic field was swept at different angles to the [110]-direction (ϕH = 0
◦).
A charge current of 1 µA is passed in the [110]-direction. The temperature of
the sample was stabilized at 10 K.
The curve is highly symmetric and does not contain any pronounced asymmetric
contribution in contrast to those obtained when a temperature gradient was ap-
plied. Each sweep of the magnetic field exhibits a switching between six distinct
magnetic states M1−4 and S
−, S+. This two-step switching (M2 → M3 → M4 in
forward and M4 →M1 →M2 in backward direction) can be explained in terms of
a reorientation of the magnetization in the magnetic system having four effective
easy axes, which are originating from the competition between cubic and uniax-
ial anisotropy (see Fig. 4.14 ahead). States S− and S+ are realized, when the
magnetization follows the external field (higher than the saturation field).
If the magnetic field is swept at different angles to the [110]-direction (ϕH = 0
◦),
the switching processes M3 → M4 and M1 → M2 occur at different switching
fields, while the M2 → M3 and M4 → M1 transitions stay at the same field, as it
is seen from Fig. 4.10, where the corresponding field sweeps are presented. This
happens as the free energy angle profile has minima and maxima at certain angles,
depending on the prevailing anisotropy in the system.
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When the magnetic field is applied in-plane and the current I is driven along the
longitudinal direction of the sample, the electric field ~E within a single-domain
ferromagnetic film with in-plane magnetization can be written as [27]










where ϕM is the angle between the magnetization direction and the current of
density ~j, flowing along the [110] direction, and ρ‖ and ρ⊥ are the resistivities for
the parallel and perpendicular mutual directions, respectively, of magnetization
and current.
To verify the angular dependence of the planar Hall resistance, a charge current
of 1 µA and an in-plane field of a constant magnitude of 210 mT were applied
and the orientation of the magnetic field was turned by 360◦ (Fig. 4.11 a). As the
applied magnetic field is not enough strong to make the magnetization precisely
follow the field for all field angles, there is a small angle between the external field
direction and magnetization for most of the field directions and the experimen-
tal data will slightly deviate from the expected cos 2ϕM dependence. From this
deviation, information about the magnetic anisotropy can be derived.
The two-fold switching observed in Fig. 4.9 can be explained in terms of the
magnetic anisotropy of the sample: there is a superposition of cubic anisotropy and
in-plane uniaxial anisotropy, with the easy axis of the uniaxial anisotropy being
collinear with the hard axis of the cubic anisotropy. Using a Stoner–Wohlfarth
model, the free energy of the in-plane magnetized sample can be written as [14, 105]




cos2 2ϕM −MsH cos (ϕM − ϕH) (4.6)
where Ku and Kcub are the uniaxial and the cubic anisotropy constants, respec-
tively; ϕM and ϕH are the angles of the magnetization and of the external magnetic
field directions, respectively, measured from the [110]-direction that coincides with
the charge current direction, Ms is the saturation magnetization.
The exact positions of the energy minima ϕminM have been determined by minimiz-
ing Eq. (4.6):
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Figure 4.11: a) Transverse voltage as a function of the angle between the
applied magnetic field and the [110]-direction; b) The angle between the ap-
plied magnetic field and the magnetization as a function of the angle ϕM (open






Ms (Hu −Hcub cos 2ϕM) sin 2ϕM +MsH sin (ϕM − ϕH) (4.7)







. Thus, at zero field the easy axes are corresponding





















When the applied field is strong enough, ϕM is close to ϕH , and Eq. (4.7) can be
approximated as
∆ϕHM = ϕH − ϕM =
1
2H
(Hu −Hcub cos 2ϕM) sin 2ϕM . (4.8)
The angles between the magnetization and the applied magnetic field as a func-
tion of the angle between the field and the current directions, obtained experi-
mentally at 10 K and 210 mT, are shown in Fig. 4.11 b. Fitting this dependence
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Figure 4.12: Temperature-dependent anisotropy fields Hu and Hcub. Inset:
temperature dependence of the Ku/Kcub ratio.
with Eq. (4.8) and using Hcub and Hu as free parameters, the uniaxial and cubic
anisotropy fields are obtained as Hu = 50± 5 mT and Hcub = 89± 7 mT, respec-
tively. From these values, the deviation angle δ of the effective easy axis orientation








Applying such a procedure to the angular sweeps of the magnetic field at different
temperatures, the temperature dependence of the anisotropy fields Hu and Hcub,
plotted in Fig. 4.12 was obtained. It can be seen that at low temperature the
prevailing anisotropy is of the cubic type. With increasing temperature the cubic
anisotropy field drops down and at about 25 K the uniaxial anisotropy is as strong
as the cubic one. The temperature-dependent anisotropy ratio Ku/Kcub is shown
in the inset of Fig. 4.12. This dependence is in agreement with that in the literature
[101].
At zero magnetic field, the relative values of the two anisotropy constants in
Eq. (4.6) play a key role in determining the positions of the energy minima. In
Fig. 4.13 the free energy of the system as a function of the angle ϕM is plotted for
the case of zero magnetic field, H = 0 in Eq. (4.6) for different ratios of the Ku
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Figure 4.13: Magnetic free energy give by Eq. (4.6), plotted as a function of
ϕM in zero magnetic field.
and Kcub anisotropy constants as indicated on the left side of each panel. When
Kcub : Ku = 1 : 0, the energy minimum positions appear at ϕM = ±45◦ i.e. at
the [100] and [010]-directions, respectively. As the contribution of Ku increases
in Eq. (4.6), the free energy minima gradually shift toward the [010]-direction, as
shown in Fig. 4.13, reaching the [010]-direction when Kcub : Ku = 1 : 1. Then
the position of the minimum remains at the same angle irrespective of a further
increase of the relative weight of Ku. The behavior of the energy minima with
changing Kcub to Ku ratio is the underlying mechanism of the behavior of the
magnetization direction with changing temperature.
After we have determined the orientation of the easy axes, the behavior of the field
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Figure 4.14: Schematics of the magnetization switching process, when the
field is swept in [110] direction.
dependence of the transversal voltage, presented in Fig. 4.9, can be interpreted.
In strong negative fields (of the order of -300 mT) the magnetization follows the
field and lies along the [110] direction (state S− in Fig. 4.14). With decreasing
field the magnetization gradually diverges from the S− direction, approaching the
nearest easy axis M2 and mostly stays there until a small positive magnetic field
is applied, when it abruptly switches to the axis M3. With further field increase
the magnetization gradually approaches the M4 orientation and at the same time
experiences a rotation towards the field direction, until it completely follows that
direction in strong positive fields. On the way back, the magnetization undergoes
a similar process of switching through the S+ →M4 →M1 →M2 → S− sequence.
4.6 Domain studies by Kerr microscopy
The magnetic domains at different temperatures were imaged directly using magneto-
optical wide Kerr microscopy (Sec. 3.2.4). Here we present the results obtained at
7 and 20 K as being most representative. The microscope was tuned to be sensi-
tive to the in-plane component of the magnetization at an angle γ ≈ 15◦ to the
[110]-direction (Fig. 4.15). This geometry was chosen to obtain the maximum con-
trast when the magnetization jumps in-plane between the M1 and M2 easy axes,
which is proportional to the projections of the magnetization on the direction of
sensitivity (setup is sensitive only to the component of the magnetization laying in
this direction). Figure 4.16 shows domain images taken at 7 K for the magnetic
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field swept in the direction transverse to the sensitivity direction. In the nega-
tively polarized remanent state the magnetization is aligned along the easy axis,
which is (according to the earlier calculations in Chapter 4.5) at about δ = 13◦
to the [100]-cubic axis, i.e. in M1-direction (Fig. 4.16 a). By applying a small
reversed (positive) magnetic field (Fig. 4.16 b), domains with polarization along
the direction M2 are nucleated. Those domains expand with increasing magnetic
field (Fig. 4.16 b-d) until the whole sample is polarized along the M2 easy axis
(Fig. 4.16 e) at 2.5 mT. With a further increase of the field, reversed domains
with polarization along the M4 direction are nucleated (Fig. 4.16 f) and spread
through the sample (Fig. 4.16 f-h) until one domain with magnetization along the
M3-direction is left (Fig. 4.16 i). Although the domains with M1 and M3 appear
black in the figure, they have opposite polarizations as the contrast was digitally
enhanced and should be considered with respect to the M1 →M2 (black → white)
and M2 → M3 (white→ black) switching. This two-fold switching is consistent
with that observed in the voltage measurements (Fig. 4.9) when the easy axes are
nearly at 90◦ to each other. The switching fields correspond to those for the 75◦
field sweep during the PHE measurements (Fig. 4.10, ϕH = 15
◦).
The evolution of the magnetic domains at 20 K is shown in Fig. 4.17. At this
temperature the deviation angle of the easy axis from the [100]-direction equals
δ = 29◦, which is significatively larger than that at 7 K. In the negatively po-
larized remanent state the magnetization is aligned along the M1-direction. The
application of a reversed magnetic field reveals only one change of contrast with
a (white→ black) transition at intermediate fields, contrary to the (white →
black → white) steps at small and intermediate fields at 7 K. This happens be-
cause the first switching process at small fields (M1 →M2) cannot be seen anymore
as the difference of the magnetization projections on the direction of the Kerr sen-
sitivity is too small to generate a contrast in the image (Fig. 4.17). Therefore
we can resolve only the second (M2 →M3) switching, for which the projection
directions of the magnetization are opposite. The switching fields also correspond
to those observed in the PHE measurements at 20 K.
Specifically there was noticed a pronounced domain wall creeping as already re-
ported in Ref. [100] and extensively studied in Refs. [118, 119]. During creeping,
the shape of the domain boundaries appears to be primarily determined by wall
pinning: the boundaries between (almost) 180◦-domains are not zigzag folded
as expected for equilibrium head-on domain walls in magnetic films [107]. For
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Figure 4.15: Schematics of the magnetic anisotropy of the sample at 7 K (a)
and 20 K (b).






seems not to be
high enough to enforce zigzag folding for stray-field reduction as required for reg-
ular ferromagnetic films. As a result, scalloped domain boundaries are observed.
Qualitatively, the Kerr observations confirm the strong temperature dependence
of the magnetic anisotropy revealed already by the PHE measurements. Similar
results were obtained by using Bi-doped garnet indicator films for domain imaging
[100] and by SQUID magnetometry [120]. Such an unusual behavior of a ferro-
magnetic material has been ascribed to the enhanced spin-orbit coupling due to
the localization of holes on the Mn-sites with lowering the temperature. To clarify
this further investigations with samples of different hole concentrations or gated
electrodes would be required.
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Figure 4.16: Domain images taken by Kerr microscopy at 7 K at the indicated
fields applied at an angle γ ≈ 15◦ to the [110]-direction. Black arrows indicate
the orientation of the magnetic moment within each domain. The size of each
image is 1.1× 0.9 mm.
Figure 4.17: Domain structure of the same area as in Fig. 4.16 observed at
20 K.
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4.7 Domain investigation in GaMnAs by
quantitative Kerr microscopy
As mentioned in Chapter 1, the understanding of the magnetic properties of mag-
netic media would not be complete unless the role of anisotropy is considered,
and for anisotropy investigations the optical observation of the domain structure
can play an important role. In the previous section the domain patterns in the
GaMnAs film were investigated qualitatively, but the determination of the exact
magnetization direction distribution was impossible as the contrast in the im-
ages was artificially enhanced for better visibility and provides information on the
magnetization direction only along the particular sensitivity direction. For the
quantitative analysis of the domains quantitative Kerr microscopy (see Sec. 2.10)
was implemented. In details this technique is explained in Appendix. B. Here
just some first experiments, utilizing this method for the domain visualization in
GaMnAs samples, are presented.
Figure 4.18: Domain images taken by Kerr microscopy in zero magnetic field
after demagnetization in decreasing AC magnetic field of 22 Hz frequency. Image
(a) is obtained with longitudinal sensitivity and image (b) with transversal
sensitivity as indicated by white arrows. The size of each image is 1.1×0.9 mm.
Two images of the domain structure of interest were taken: one with longitudinal
sensitivity (Fig. 4.18 a) and another with transversal sensitivity (Fig. 4.18 b). The
line in the upper right corner is the Pt stripe, used for positioning the sample with
respect to the crystal anisotropy axes and sensitivity direction. The left image
has a rather strong contrast in comparison to the right one, what means that the
magnetization directions of the domains are pointing mostly in vertical direction
at a small angle to the [110] direction. The calibration functions used for the
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Figure 4.19: Calibration functions with longitudinal and transversal sensitiv-
ities, measured during the rotation of a magnetic field with constant amplitude
of 160 mT at steps of 10◦.
determination of the magnetization direction, obtained by the in-plane rotation of
an external saturation field, are show in Fig. 4.19. Each point of the calibration
function corresponds to the average intensity of the whole imaged sample area.
Figure 4.20 (a) shows the quantitative evaluation of the domain structure of
Fig. 4.18, obtained after combining of two images with different sensitivity (Fig. 4.18).
The calculated distribution of the magnetization directions, with exception of the
topographical defects on the surface, reveals the occurrence of two domains with
almost opposite directions of magnetization. In comparison to the domains ob-
served in Fig. 4.16, where the domains with magnetization along 3 different di-
rection M1, M2 or M3 are observed, in the present case only 2 directions, M1
and M3, are presented. This fact is illustrated in Fig. 4.20 b, where the angles
of the magnetization with respect to the x-direction, calculated according to the
Stoner–Wohlfarth model in Sec. 4.5, are shown.
As can be seen from the Pt stripe orientation, the sample in Fig. 4.20 is rotated
counterclockwise so that the [110] direction is at 21◦ to the vertical image axis (y)
(see schematic in Fig. 4.20 b). The deviation angle δ of the M1,2,3,4-directions from
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Figure 4.20: (a) Color visualization of the domain structure in GaMnAs. The
white arrows represent the direction of the magnetization in the sample. (b)
Domain image with the schematics of the magnetic anisotropy of the sample at
20 K. White arrows indicate the direction of the magnetization of the area close
to it.
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the crystallographic [100], [100], [010] and [010] directions can be easily calculated.
For the red domain the angle between the experimentally determined M1 and [010]
direction is 26◦ and for the blue domain the angle between M4 and [100] is 28
◦.
This angle δ = 27◦± 2◦ corresponds to an anisotropy ratio Ku/Kcub = 0.8, which
suggests that the actual sample temperature is around 20 K.
4.8 Measurements of YIG film in transversal spin
Seebeck/planar Nernst effect configuration
The previously presented results of the transport measurements in the GaAs|GaMnAs
heterostructure show that the observed thermoelectric signals can only be ex-
plained in terms of the ordinary thermoelectric effects without involving the SSE.
The GaMnAs sample is a semiconducting film for which all those effects can be
expected to contribute to the measured voltages. To compare this result, the same
experiments were performed also with a different magnetic material, namely a thin
film of Y3Fe2(FeO4)3 (YIG). Being a good electrical insulator, the YIG film on
the GGG substrate should be free from intrinsic parasitic thermoelectric effects,
to which semiconductors are liable as they contain free charge carriers so that, the
ANE coefficient, being proportional to conductivity, is not negligible.
In the same way as for the GaMnAs sample, the YIG film with Pt stripes on
top was subjected to an in-plane temperature gradient created in configuration
(A1) by the heater with a heating power of 50 mW [Fig. 3.2 (A1)] and with the
external magnetic field being swept along the temperature gradient. In Fig. 4.21
the transversal voltages measured along the Pt stipes close to the hot end of the
sample are presented. It is seen that within experimental accuracy no sign of
the TSSE is observed at room temperature (Fig. 4.21 right panel). Even if the
sample is cooled down to 50 K, where the SSE amplitude is reported to have a
maximum [69], no dependencies or hysteresis behavior can be detected (Fig. 4.21
left panel). As in case of GaMnAs, for the measurement results in YIG this means
that the TSSE, if it exists in the sample, is very likely negligible. Again we may
conclude that all reported data on spin-dependent phenomena, where temperature
gradients are involved, have to be treated with great care and attention to ordinary
thermoelectric effects has to be taken into account.
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Figure 4.21: Transverse voltages Vy measured at the Pt stripe on top of the
YIG film in Conf. (A1) (TSSE configuration) as a function of the magnetic field
swept in the direction of the temperature gradient at base temperatures of 50 K
(left panel) and room temperature (right panel).
To clarify whether the SSE signals, reported in literature, may originate from
the LSSE or the conventional ANE, further transport measurements in YIG were
performed in configuration (B) (Fig. 3.2 b), in which a temperature gradient ∇Tz
was deliberately applied across the film thickness. The temperature was set either
to room temperature or 5 K and the voltage was measured along the Pt stripe,
hidden under a sapphire plate with a heater. Upon application of a 100 mW
heating power, the out-of-plane temperature gradient in the YIG film is estimated
to be not less than ∇Tz = 5 K/ m at room temperature.
The voltage measured along the Pt stripe with the magnetic field being swept
at different angles with respect to the direction perpendicular to the Pt stripe is
shown in Fig. 4.22. The observed angular dependence is typical for the LSSE and
the conventional ANE in a ferromagnetic material 1. As no voltages were detected
for this structure in the TSSE configuration, the observed hysteresis loops in the
LSSE/ANE configuration can most probably be associated with the pure LSSE at
the YIG/Pt interface. It should be mentioned that, although the SSE signals are
expected to be higher at low temperatures, the amplitudes observed in Fig. 4.22
are of the same order. This is due to the fact that in both cases the applied power
1In this case Pt should be considered as ferromagnetic material, as it can become ferromag-
netic due to the proximity effect in the vicinity to the YIG film.
Chapter 4 Experimental results and discussion 69
































Figure 4.22: Field dependence of the voltage measured along the Pt stripe on
top of the YIG film at different angles with respect to the temperature gradient
direction in the Nernst Conf. (B) at 5 K (left panel) and room temperature
(right panel).
is the same, but at low temperatures the thermal conductivity of the system is
higher and thus the temperature gradient is lower. Therefore it compensates the




The first part of the research work presented in this thesis addresses the field of
spin caloritronic, and was largely motivated by the discovery of the transversal and
longitudinal spin Seebeck effect (TSSE and LSSE) in magnetic heterostructures.
As seen from the discussion in Chapter 2, the origin of the effect as well as
its possible entanglement with other common thermoelectric effects, such as the
anomalous Nernst or planar Nernst effects, are currently the subject of intense
debate. Magnetic anisotropy, if present in the sample, can have a great impact
on the registered thermoelectric effects. Thus, the knowledge of the magnetic
anisotropy of the system is of vital need and the second part of the actual work is
dedicated to the investigation of anisotropy.
In this thesis a comprehensive investigation of thermoelectric and galvanomagnetic
effects in magnetic GaAs/GaMnAs/Pt and GaAs/GaMnAs systems is performed.
Starting with the transverse-spin-Seebeck configuration, field dependencies of the
transverse voltages consisting of symmetric and asymmetric contributions were
observed. The former is clearly attributed to the planar Nernst effect (PNE)
arising from the in-plane temperature gradient applied along the sample. The
asymmetric part is supposed to be a manifestation of the ANE caused by spuri-
ous out-of-plane temperature gradients, as it strongly depends on the experiment
geometry and follows a cosine dependence on the magnetic field typical for this
effect. Using a ANE constant that was measured upon deliberately applying an
out-of-plane temperature gradient, it was estimated that a rather small temper-
ature drop of ∆Tz ≈ 12 nK across the 200 nm magnetic film thickness can be
responsible for the appearance of spurious ANE signals, leading to the asymmetry
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of the thermovoltages registered in the PNE/TSSE configuration. We have also
proven that the generated transverse voltage originates not from the GaMnAs/Pt
interface, but from the ferromagnetic film itself. All this demonstrates the neces-
sity of careful handling of the conventional effects, which may contribute to the
experimental signals and influence the understanding of the phenomena of spin
caloritronic.
The results of extensive studies on differences and similarities between thermo-
electric and spin caloritronic effects in semiconducting films of GaMnAs and insu-
lating yttrium iron garnet (YIG) are presented in this work. It shows the absence
of TSSE-like signals in insulating system, while in the semiconducting materials
those signals are caused by the conventional thermoelectric effects and the TSSE,
if it exists in such a structures at all, is very likely to be negligible in the whole
range of the measured temperatures.
In order to investigate the magnetic anisotropy of the GaMnAs heterostructure,
direct wide-field Kerr microscopy together with galvanomagnetic measurements
were applied simultaneously for the first time. Upon sweeping the magnetic field
the development of magnetic domains was traced: at low temperatures (around
5 K) the sample exhibits a clear two-fold switching of magnetization as the angle
between the easy axes is nearly 90 degrees, while at higher temperatures (above
20 K) only a one-step switching was detected, indicating a collaps of the easy
axes to the [110] direction. The same behavior of the easy axes was derived from
the simultaneous transport measurements in the PHE configuration. Rotating the
field in the plane of the thin film and analyzing the resulting angle dependencies
of the transversal voltage withinby using a Stoner–Wohlfarth model, we obtained
the anisotropy constants Ku and Kc of the structure. By tracing the temperature
dependence of the Ku/Kc-ratio, we monitored a gradual substitution of the cubic
anisotropy, prevailing at low temperatures, by a uniaxial anisotropy with rising
temperature.
Those two complimentary methods of optical and transport measurements provide
a precise understanding of the magnetization behavior in the sample, which is
crucial for an explanation of the observed thermovoltages in TSSE/PNE and ANE
configurations.
For the purpose of the magneto-optical investigation of the magnetic anisotropy,
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within the frames for thesis a new hardware and software realization for quanti-
tative Kerr microscopy was developed. The principles of such a technique were
formulated already years ago by Rave et al [18], but the experimental realization
was limited to materials with in-plane surface magnetization and static domain
imaging due to the manual adjustment of the microscope sensitivity. The real-
ization of a separation of in-plane|out-of-plane magnetic contrast, suggested in
Appendix A, disposes those complications and improves the method, providing
the opportunity for a simultaneous measurement of both components of magneti-
zation in an automatic regime and, thus, allowing the quantitative analysis of the
magnetization reorientation processes in magnetic media.
This technique was successfully applied to the quantitative investigation of the
magnetic domain structure in GaMnAs film, and was also demonstrated on a
number of other materials, including a permalloy (Ni81Fe19) patterned film ele-
ment and the separation of the in-plane and out-of-plane components of magnetic
contrast in sintered NdFeB polycrystals.
In summary, this work contributes to a deeper understanding of the contribution
of the conventional thermoelectric effect to the exploding field of spin caloritronic.
Thus, it contributes to the development of new spintronics applications by point-
ing out that thermoelectric phenomena have to be treated with care and that
magnetic anisotropy and its temperature dependence have to be considered in any
analysis of spin caloritronic phenomena. The thesis extends the existing meth-
ods of investigating magnetic anisotropy of magnetic films by introducing a novel






As it was discussed in Sections 2.9 and 3.2.4, when the incidence angle at which
the light enters the surface of the magnetic media is not zero (ϑ0 6= 0◦) the Kerr
measurement system is sensitive not only to in-plane domains with magnetization
lying along the incident plane, but also to out-of-plane magnetization components.
Wide-field Kerr microscopy furthermore may suffer from the Faraday effect in
the objective lense, which is strongest for light that travels along the objective
axis (polar sensitivity). This is illustrated in Fig. A.1 b, where two opposite
incidence directions (see Fig. A.1 a) are chosen by illuminating different areas
in the back-focal plane as indicated by light beams. Both in-plane and out-of-
plane sensitivities are obtained then as indicated by horizontal arrows (standing
for in-plane magnetization) and vertical arrows (for out-of-plane magnetization).
If pure magnetization directions are to be investigated (either in-plane or out-of-
plane), those contributions have to be separated. From the schematics in Fig. A.1
b it is seen that the in-plane contrast changes sign when the sample is illuminated
from right and left, while the contrast for out-of-plane magnetization remains the
same. Thus combining two images with opposite incident angle one can extract
the desired component of magnetization: (i) if the two images are summed then
the in-plane component of contrast, being opposite for the two images, is canceled
and the out-of plane component, having the same contrast, is enhanced; (ii) if
the difference between the two images is taken, then the out-of plane contrast is
canceled and in-plane on the contrary is enhanced (Fig. A.2). For such a separation
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Figure A.1: (a) Schematics of part of the light path in a wide field polarization
microscope following Köhler’s principle. (b) Illustration of the Kerr contrast in
the image of a magnetic sample, depending on the incident direction. For the
in-plane Kerr contrast with the light coming from the right it is opposite to that
with the light coming from the left, whereas the polar contrast does not depend
on the incidence direction.
of the contrast the light intensity of the light beam coming from the left and from
the right have to be precisely equalized, otherwise, the corresponding components
would not be completely compensated and undesirable contrast would occur. If
the direction of the incidence is adjusted by using an aperture slit that has to
be adjusted mechanically (see Sec. 3.2.4) this task is rather challenging or even
hardly realizable at all.
To solve this problem a new hard- and software control system for the illumination
and contrast separation was developed. The hardware is a novel LED light source.
The light of eight high-power LEDs is independently guided to the microscope via
glass fibers (each with 1 mm diameter), whose ends are imaged to the back-focal
plane (Fig. A.3 a) and arranged together in a cross-like manner (Fig. A.3 b). This
corresponds to eight virtual light sources directly in the conoscopic plane. Such
an arrangement allows to set the incidence direction for oblique illumination only
by turning ON and OFF the appropriate LEDs, without any mechanical action:
for light coming from left to right, LEDs 1&2 have to be turned on and for light
coming from right to left, LEDs 3&4 have to be activated. If the LEDs 1&2
(Fig. A.3 c) are turned on, it corresponds to the positioning of the slit for the
longitudinal plus polar sensitivity in a conventional microscope (inset in Fig. 3.5).
To get pure in-plane sensitivity the LEDs are synchronized with the camera in
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Figure A.2: Combining the images obtained with different incidence directions
provides the enhancement of the desired sensitivity and the suppression of the
supplementary one: adding of the two images results in pure polar sensitivity;
subtracting them in pure in-plane sensitivity.
Figure A.3: (a) Schematics of the ray path, showing also the glass fibers that
guide the LED light to the microscope; (b) View of the conoscopic plane with 8
glass fibers, each 1 mm in diameter. (c) Time diagram of the control sequence
for pure in-plane sensitivity.
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Figure A.4: The magnetization components of NdFeB sintered polycrystal
perpendicular to the surface (a) and in-plane (b). The texture axis is aligned
parallel to the observed surface along the vertical axis.
the following way (Fig. A.3 c): the LEDs 1&2 are switched on and the first image
with a certain exposure time is taken, then LEDs 1&2 are switched off and LEDs
3&4 are switched on and the second image is taken. Afterwards, one image is
subtracted from the other and due to the symmetry reasons (Fig. A.2 b) only
pure in-plane contrast remains. For pure out-of-plane contrast no triggering is
required: it is sufficient to turn on LEDs 2&3 or 6&7 or 2,3,6,7 simultaneously
and all in-plane contrast component will be compensated.
As already mentioned, special care has to be payed to the intensity of the sample
surface illumination. The intensity of the light coming from each of the compli-
mentary groups of LEDs has to match, otherwise, the polar component would not
be completely compensated leading to undesirable contrast in the in-plane domain
image. For such an equalization, each of LEDs can be programmatically dimmed
and with a feedback via the integral intensity of the realtime image they can be
equalized.
The selective Kerr microscopy is illustrated in Fig A.4, where it was applied to
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Figure A.5: Optical hysteresis loop measured on a Py film with the field
applied along the in-plane sensitivity direction in the conventional longitudinal
mode (a) and on electric steel sheets measured at an off-center sample area for
sample orientations of 0◦ and 180◦ (see inset, where the investigated sample
area is marked by a dot whose normal vector coincides with the objective axis
and serves as the sample rotation axis at the same time) (b). Graph (b) is
reproduced from Ref. [121].
the domain imagining of a sintered coarse-grained NdFeB polycrystal. The mag-
netization axes of the different grains are predominantly aligned in-plane with
some small misalignment relative to the observed surface, i.e. each grain has a
different component of the magnetization pointing out of the surface. Due to such
an arrangement, in polar sensitivity the contrast between different grains can be
observed (Fig A.4 a). If the pure in-plane mode is used, then no contrast between
independent grains is observed, but the in-plane pattern, spreading throughout
the whole sample including multiple grains, shows up (Fig A.4 b).
In a conventional Kerr microscope, adjusted for the longitudinal Kerr effect, which
is obtained at oblique light incidence by using a displaced shift aperture, there is
always a superposition of in-plane and polar Kerr sensitivities together with a po-
lar Faraday effect in the objective lens that is caused by polar magnetic fields in
the objective lens. In case of pure in-plane measurement in the triggered regime,
also the parasitic out-of-plane Faraday effect in objective lens can be strongly sup-
pressed. In Fig. A.5 a optical hysteresis loop measured on a Py film with the
field applied along the in-plane sensitivity direction in the conventional longitudi-
nal mode is shown. The finit slope of the curve beyond saturation is caused by
the Faraday effect in objective lens. This parasitic contribution can, in principle,
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be eliminated by digital substraction of the linear part but for a certain price in
accuracy and sensitivity of the experiment. In some cases [121] when this effect
is caused by stray-fields of the sample itself it is highly non-linear and cannot
be easily subtracted from the Kerr-signal coming from the sample. A hardware
separation of Kerr- and Faraday effects is the only option then. The black curve
in Fig. A.5 is the optical magnetization loop, measured in the conventional longi-
tudinal mode. The observed sharp change in slope at fields higher than 104 A/m
is due to the Faraday effect in the lenses, not the magnetization at the sample
surface. The true behavior of the surface magnetization, observed in pure in-plane
mode, is reflected in the red curve, where the parasitic Faraday effect due to the
z -component of the sample stray is eliminated.
Besides this fortunate peculiarity to provide Faraday effect free-images, the trig-
gered mode also provides a strong enhancement of the sensitivity of the instrument.
Figure A.6 shows optical hysteresis loops, measured on a Py film in the conven-
tional mode (left) and in the pure in-plane mode (right) without a compensator
installed, i.e. ellipticity components in the reflected Kerr light are not compen-
sated. In both cases the magnetic field was swept in-plane at an angle ϕ to the
direction transversal to the sensitivity (see sketch in Fig. A.6). At a field angle of
0◦, no contrast between the saturated states is, thus, present. At a non-zero angle,
the projection of the magnetization to the sensitivity direction is non-zero and as it
has different signs for positive and negative saturation so that a contrast between
the saturated states will arise. As can be seen in Fig. A.6 a, in the conventional
mode the Faraday effect in the lenses overwhelms the whole magnetic response
of the sample, and after digital subtracting it (Fig. A.6 b-d) the remaining Kerr
signal occurs to be rather noisy. In this conventional Kerr mode a distinguishable
contrast can be obtained only starting from field angles of 5 − 6◦ (Fig. A.6 c,d),
while in the pure in-plane Kerr mode, due to the absence of the Faraday effect
contribution and the enhancement of the signal-to-noise ratio, a contrast can be
observed already at ϕ = 1◦.
A quantitative estimation of the sensitivity can be obtained as follows. The lon-
gitudinal Kerr rotation angle as measured for Py in [122] is φPy ≈ 3 · 10−4 ra-
dians or 30 mdeg = 1.8′. Then the detectable Kerr rotation is 2φPysin(ϕ)
1.
Thus for the conventional mode the minimal Kerr rotation, that can be clearly
1The factor 2 is due to the geometry of the experiment: the contrast is generated by two
oppositely saturated states, which have positive and negative Kerr rotation angles, respectively.









































































































Figure A.6: Optical hysteresis loops measured on a Py film in the conventional
mode (left panel) and in the pure in-plane mode (right panel). The thickness
of the film is tenth of nanometers.
detected, is φn.m. = 2 · 3 · 10−4sin(5◦) radian = 5.2 · 10−5 radian = 3 mdeg,
and in the pure in-plane mode it is almost 5 times greater being as high as




Kerr microscopy usually provides qualitative information about the domain struc-
ture in magnetic materials by providing some domain contrast. Under favorable
circumstances the magnetization vector field can be measured also quantitatively.
This is possible for low anisotropy materials for which the surface magnetization is
oriented parallel to the surface within the information depth of the Kerr effect. In
this case the Kerr contrast can be calibrated by saturating the sample in in-plane
magnetic fields and measuring the Kerr intensity of the saturated states along
different directions. The principles of such a technique were formulated already
years ago [18], but the experimental realization suffered from a number of issues:
(i) The implementation of quantitative Kerr microscopy was limited to materials
with in-plane surface magnetization, as any out-of-plane contribution merciless
destroys the correspondence between the Kerr intensity of the domain pattern of
interest and that of the calibration curves which are obtained by saturating the
sample along defined directions in strong applied magnetic fields; (ii) the man-
ual adjustment of polarizer, analyzer, and slit makes the reproducibility a hard
task and extends the time of experiment, which may lead to sample drift and a
high level of noise; (iii) the calibration by bulk samples is complicated due to the
stray fields caused by the sample, which influence the image via the Faraday ef-
fect in the objective lens (see Appendix A). By separation of in-and out-of-plane
contrast, presented in the previous section and shown to be successful, all those
complications can be solved and even technically improved as both components of
the magnetization can be obtained simultaneously and the measurement process
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is done completely atomized. This technology was realized and in the frame of this
work applied for the investigation of the anisotropy in thin magnetic films. It is
based on the merging of two domain images made with different in-pane sensitivi-
ties and the foregoing calibration of the image intensity with known magnetization
directions.
The Kerr sensitivity depends on the direction of incidence as discussed in Sec. 2.10.
The developed LED lamp with glass fibers, attached to the microscope (Fig. A.3 b),
allows the switching between different incident directions, i.e different sensitivities,
only by turning on/off the appropriate groups of LEDs. When the upper LEDs
1&2 (Fig. A.3 b) are ON, magnetization directions of 90◦ and 270◦ show maximum
contrast (Fig. B.1, upper panel). The domains with magnetization transversal to
the plane of incidence (0◦ and 180◦) are equally gray in this case. When the LEDs
5&6 to the left (Fig. A.3 b) are turned ON instead, a maximum contrast appears
for the magnetization components along 0◦ and 180◦, and transverse components
(90◦ or 270◦) on the contrary are gray. Then two images of the domain structure
of interest with those complimentary longitudinal and transversal 1 sensitivities
are taken and merged in one.
In accordance with Eq. (2.17), to determine the exact direction of the magnetiza-
tion two linear equations with respect to (ml, mt) have to be solved
2. In the ideal
case ml and mt should be equal to the cosine and sine of the to-be-determined
angle of the magnetization ϕ, and any deviation of m2l + m
2
t from unity is the
consequence of noise, drift or other inaccuracies (under the assumption that the
surface magnetization is strictly in-plane). To solve this equation, the coefficients
B and C have to be determined by calibration of the intensity level for known
directions of magnetization. Applying an external magnetic field with an ampli-
tude strong enough to keep the magnetization aligned along the field direction
and rotating the field in-plane one obtains continuous functions of the intensity vs
the angle of the magnetization direction. In the ideal case this should result in a
sinus function for longitudinal sensitivity, and a cosine for transversal sensitivity
(Fig. B.1). The two calibration functions are complimentary to each other and the
1 In this case longitudinal means only that the plane of incidence is vertical with respect to
the image plane as shown in Fig. B.1 (upper panel) and LEDs 1&2 (Fig. A.3 b) are ON; the
transverse sensitivity means that the plane of incidence is perpendicular to that for longitudinal
i.e. horizontal with respect to the iamage plane (Fig. B.1, lower panel) and LEDs 5&6 (Fig. A.3
b) are ON. So in both cases the contrast results from the longitudinal Kerr effect, but with the
plane of incidence rotated by 90◦
2The normal contribution I0 in Eq. (2.17) by using the difference technique can be easily
eliminated.
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Figure B.1: Kerr sensitivity of the system, depending on the incidence direc-
tion. The upper panel is for the light falling on the sample along the vertical
(with respect to the figure) plane (longitudinal sensitivity), and the lower panel
is for light falling along the horizontal plane (transversal sensitivity).
problem of double-solution vanishes. This procedure is done for each pixel of both
images and the resulting 2D array of the magnetization angles can be displayed
as a color vector plot and can be used for further analysis if desired.
To demonstrate the functionality of the method, it was applied to the observa-
tion of the domains in a patterned Permalloy (Py) structure. Due to the shape
anisotropy in such a structures a Landau pattern can be observed. Two images
of a square-patterned Py film with complimentary longitudinal (Fig. B.2 a) and
transversal (Fig. B.2 b) sensitivities were taken in a zero magnetic field. As a
reference image for the difference technique the average of 128 images, obtained
in an AC field of 22 Hz frequency, was used, providing the base of the gray level.
To get the sensitivity functions (Fig. B.2 c), a number of images were taken with
an external in-plane magnetic field of a magnitude of 15mT applied at different
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angles in steps of 10◦. To consider inhomogeneities in the sample illumination,
the calibration images were divided in blocks with a size of 50x50 pixels (Fig. B.2
d) and for each block its own sensitivity function was calculated. Then the ori-
entation of the magnetization in each point (pixel) was determined by comparing
the intensity of each of the two pixels of the original images (with longitudinal
and transversal sensitivities) with the local calibration function (Fig. B.2 c). The
result can be presented either by an array of arrows layed over the original image
(Fig. B.3 left panel) or by a color-coded profile, in which particular colors stand
for particular directions (Fig. B.3 right panel). With the exception of a number
of topographical defects, the method worked out well even for the Py film with a
rather low Kerr response.
The original images can be smoothed by the mean-weighted average filter, dis-
cussed in Sec. 3.5. In Fig. B.4 the longitudinal sensitivity function and pixel
intensity distribution within one domain are shown. At the left the intensity is as
it comes from the original image and at the right after the mean-weighted average
filter was applied. The following parameters of the filter were used: 2 nearest
neighboring row, surrounding the original pixel with weights of 0.25 and 0.1 for
the nearest and the next nearest rows, respectively. It is seen that the amplitude
of the noise decreases drastically.
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Figure B.2: Image of the domain structure of square-patterned Py film in
zero magnetic field, taken in longitudinal (a) and transversal (b) sensitivity.
(c) Calibration function for the longitudinal and transversal sensitivity; solid
lines are the gray level of the particular pixel from the image of interest with
longitudinal and transversal sensitivities, by solving the linear equation for this
pixel derives the orientation of the magnetization for this pixel to be ≈ 150◦
(d) Image of interest divided in blocks of size 50x50 pixels each. The square
side length of the structure is 120 µm what corresponds to about 450 pixels.
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Figure B.3: Calculated magnetization distribution in Py patterned film visu-
alized by 2D array of arrows (a) and via the color vector plot (b). The size of
the structure is 120x120 µm2














Figure B.4: The longitudinal sensitivity function (black open circulus) av-
eraged over one of the 50x50 pixels block and its sinusoidal fit (solid curve).
The pixel intensity distribution within one domain of a certain direction of the
magnetization before (left panel) and after (right panel) averaging.
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Ansermet, Phys. Rev. B 73, 052410 (2006).
[57] K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K. Ando,
S. Maekawa, and E. Saitoh, Nature 455, 778–81 (2008).
[58] A.K. Ganguly and D.C. Webb, Microwave Theory and Techniques, IEEE
Transactions on 23, 998–1006 (1975).
[59] Michael Farle, Reports on Progress in Physics 61, 755 (1998).
BIBLIOGRAPHY 91
[60] K. Uchida, T. Ota, K. Harii, K. Ando, K. Sasage, H. Nakayama, K. Ikeda,
and E. Saitoh, Magnetics, IEEE Transactions on 45, 2386–2388 (2009).
[61] K. Uchida, T. Ota, K. Harii, S. Takahashi, S. Maekawa, Y. Fujikawa,
and E. Saitoh, Solid State Communications 150, 524 – 528 (2010), spin
Caloritronics.
[62] Ken ichi Uchida, Tatsumi Nonaka, Tatsuro Yoshino, Takashi Kikkawa,
Daisuke Kikuchi, and Eiji Saitoh, Applied Physics Express 5, 093001 (2012).
[63] C. M. Jaworski, J. Yang, S. Mack, D. D. Awschalom, R. C. Myers, and J. P.
Heremans, Phys. Rev. Lett. 106, 186601 (2011).
[64] Ken-ichi Uchida, Hiroto Adachi, Takeru Ota, Hiroyasu Nakayama,
Sadamichi Maekawa, and Eiji Saitoh, Applied Physics Letters 97, 172505
(2010).
[65] T. Kikkawa, K. Uchida, Y. Shiomi, Z. Qiu, D. Hou, D. Tian, H. Nakayama,
X.-F. Jin, and E. Saitoh, Phys. Rev. Lett. 110, 067207 (2013).
[66] D. Qu, S. Y. Huang, Jun Hu, Ruqian Wu, and C. L. Chien, Phys. Rev.
Lett. 110, 067206 (2013).
[67] K. Uchida, T. Nonaka, T. Kikkawa, Y. Kajiwara, and E. Saitoh, Phys. Rev.
B 87, 104412 (2013).
[68] Ken-ichi Uchida, Tatsumi Nonaka, Takeru Ota, and Eiji Saitoh, Applied
Physics Letters 97, 262504 (2010).
[69] K. Uchida, T. Ota, H. Adachi, J. Xiao, T. Nonaka, Y. Kajiwara, G. E. W.
Bauer, S. Maekawa, and E. Saitoh, Journal of Applied Physics 111, 103903
(2012).
[70] R. Ramos, T. Kikkawa, K. Uchida, H. Adachi, I. Lucas, M. H. Aguirre,
P. Algarabel, L. Morelln, S. Maekawa, E. Saitoh, and M. R. Ibarra, Applied
Physics Letters 102, 072413 (2013).
[71] K. Uchida, T. Ota, K. Harii, K. Ando, H. Nakayama, and E. Saitoh, Journal
of Applied Physics 107, 09 (2010).
[72] S. Bosu, Y. Sakuraba, K. Uchida, K. Saito, T. Ota, E. Saitoh, and
K. Takanashi, Phys. Rev. B 83, 224401 (2011).
BIBLIOGRAPHY 92
[73] Moosa Hatami, Gerrit E.W. Bauer, Saburo Takahashi, and Sadamichi
Maekawa, Solid State Communications 150, 480 – 484 (2010), spin
Caloritronics.
[74] T. Valet and A. Fert, Phys. Rev. B 48, 7099–7113 (1993).
[75] D. Meier, D. Reinhardt, M. Schmid, C. H. Back, J.-M. Schmalhorst,
T. Kuschel, and G. Reiss, Phys. Rev. B 88, 184425 (2013).
[76] S. Y. Huang, W. G. Wang, S. F. Lee, J. Kwo, and C. L. Chien, Phys. Rev.
Lett. 107, 216604 (2011).
[77] S. Y. Huang, X. Fan, D. Qu, Y. P. Chen, W. G. Wang, J. Wu, T. Y. Chen,
J. Q. Xiao, and C. L. Chien, Phys. Rev. Lett. 109, 107204 (2012).
[78] Y. M. Lu, Y. Choi, C. M. Ortega, X. M. Cheng, J. W. Cai, S. Y. Huang,
L. Sun, and C. L. Chien, Phys. Rev. Lett. 110, 147207 (2013).
[79] D. Qu, S. Y. Huang, Jun Hu, Ruqian Wu, and C. L. Chien, Phys. Rev.
Lett. 110, 067206 (2013).
[80] G. Bergmann, Phys. Rev. Lett. 41, 264–267 (1978).
[81] W. J. Antel, M. M. Schwickert, Tao Lin, W. L. O’Brien, and G. R. Harp,
Phys. Rev. B 60, 12933–12940 (1999).
[82] F. Wilhelm, P. Poulopoulos, G. Ceballos, H. Wende, K. Baberschke, P. Sri-
vastava, D. Benea, H. Ebert, M. Angelakeris, N. K. Flevaris, D. Niarchos,
A. Rogalev, and N. B. Brookes, Phys. Rev. Lett. 85, 413–416 (2000).
[83] A. Hoffmann, J. W. Seo, M. R. Fitzsimmons, H. Siegwart, J. Fompeyrine,
J.-P. Locquet, J. A. Dura, and C. F. Majkrzak, Phys. Rev. B 66, 220406
(2002).
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